


On substituting this expression in Eq. (2) and setting 
Sm.r/ • r/ = 2T, 

where T is obviously the kinetic energy of the systena, it is foui 
that Eq. (2) becomes 

=^2T - U, (( 

a result which is due to Jacobi. Also, by Eq. (36.3), 

E = T-U (' 

where E, the total energy of the system, is a constant. If 
is eliminated between Eqs. (6) and (7), there is obtained final! 

il" =^2E + U. (I 

If the system of particles is in a steady state, as seems to 1 
the case with the globular star clusters, the moment of inertia 
is a constant, and Eq. (6) reduces- to 

2T =U, T ^ -E, U = -2E, (£ 

and, since U is the negative of the potential energy of the systen 
this can be phrased in the theorem; 

In a steady state of a system of -particles which are acted upon onl 
by their mutual gravitation, the kinetic energy is constant and i 
equal to one half of the -negative of the potential energy. 

A particular instance of an exact steady state is found in th 
permanent configurations when the orbits are circles about th 
center of mass. In the globular star clusters it is probable tha 
the steady state is only approximate. 

The moment of inertia with respect to the origin is a homogene 
ous function of degree -+-2, and the potential function for gravita 
tion is a homogeneous function of degree —1. Therefore if th 
r, in Eq. (1) are replaced by Xr„ the ratios of the mutual distance 
remain constant while the configuration expands or contract 
according as X ^ 1, and 

I = X*7i, 

where 7i is the value of 7 for X = 1. Similarly, since U ii 
homogeneous of degree — 1, 

U = X-if/i. 



Consequently, 

im = hW = ( 10 ) 

where ki is a constant which may be called the configuration con- 
stant, since it depends upon the nature of the configuration but is 
independent of the size of the system. 

If then the system expands or contracts in such a way that the 
ratio of the mutual distances is preserved, the relation 


U = 


holds, and Eq. (8) becomes 

i/" = 2E + fc J-i, (11) 

an equation that can be integrated. On multiplying through by 
47' and integrating, it is found that 

7'* = 8EI + 8kiD + C, (12) 

where C is the constant of integration. 

Let a new constant k^ be introduced by the relation 

^ __ 2(fci2 - fc2^). 


then Eq. (12) becomes 

7'’ = |l(27;7i + kxY - fc2^]. (13) 


The energy E may be either positive or negative, since the 
potential energy is always negative. If E is negative and a new 
variable <p is defined by the equation 

ki cos <p = 2jB7t + fci, 

and the ratio ki/ki is replaced by the letter e, it is found that 
Eq. (13) reduces to 

(1 — e cos <fi)<p = - — TT-^’ 


which, by integration, becomes Kepler’s equation (I, 297 ), 


<p — e sin <f> 


{-2E)i 


ki 


(< — to). 


(14) 
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PREFACE 



In 1917 the University of Chicago Press published a 
small volume entitled The Electron which was intended to 
be a rather simple presentation of some of the newer de- 
velopments in physics with which my own work had been 
closely associated. In 1924 a revised edition of this work 
appeared. A few years later I had the honor of giving 
“The Messenger Lectures” at Cornell University and in 
them still further expanded and br-ought up to date these 
“newer developments.” 

The present volume grows immediately out of these 
Messenger Lectures, but is, of course, an attempt to make 
the presentation as true a picture as I am able to give of 
the situation as it exists at the date of publication, Janu- 
ary I, 1935- 

In a sense this work may be looked upon as a third re- 
vision of The Electron^ but it differs from most revisions 
in two particulars. First, an effort has been made at the 
request of the publishers to introduce into The Electron 
portion only such changes as are demanded by correct- 
ness of presentation today, and in fact I have been pleased 
and somewhat surprised to find that the historical mode 
of presentation originally adopted has rendered radical 
changes even today both unnecessary and undesirable. 
Second, the growth of discovery and the rapidity of the 
advance in physics from the base occupied in 1924 has 
made it altogether necessary to add six entirely new chap- 
ters (xi to xvi) on “Waves and Particles,” on “The Dis- 

vii 
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covery tod Origin of the Cosmic Rays/’ on ^^The Spin- 
ning Electron/’ on ‘^The Positron/’ on ^^The Neutron and 
the Transmutation of the Elements/’ and on “The Na- 
ture of the Cosmic Rays/’ so that in this particular the 
book is not at all a revision. The illustrative material, too, 
has been much more than doubled, and now becomes 
quite a notable feature. 

It is hoped that this volume, like its predecessors, may 
be of some interest both to the physicist and to the reader 
of somewhat less technical training. It has been thought 
desirable for the sake of both classes of readers not to 
break the thread of the discussion in the body of the book 
with the detailed analyses that the careful student de- 
mands. It is for this reason that all mathematical pi'oofs 
have been thrown into appendixes. If, in spite of this, 
the general student finds that certain chapters, such as 
vii, viii, and xii, require more familiarity with the general 
background of physics than he possesses, it is still hoped 
that without them he may yet gain some idea of certain 
phases, at least of the fascinating progress of modern 
science. 

Robert A. Millikan 

California Institute of Technology 
Pasadena, California 
December i, 1934 
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INTRODUCTION 


Perhaps it is merely a coincidence that the man who 
first noticed that the rubbing of amber would induce 
in it a new and remarkable state now known as the 
state of electrification was also the man who first gave 
expression to the conviction that there must be some 
great unifying principle which links together all phe- 
nomena and is capable of making them rationally intel- 
ligible; tliat behind all the apparent variety and change 
of tilings there is some primordial element, out of which 
all things are made and the search for which must be 
the ultimate aim of all natural science. Yet if this be 
merely a coincidence, at any rate to Thales of Miletus 
must belong a double honor. For he first correctly 
conceived and correctly stated, as far back as 600 b.c., 
the spirit which has actually guided the development 
of physics in all ages, and he also first described, though 
in a crude and imperfect way, the very phenomenon the 
study of which has already linked together several of 
the erstwhile isolated departments of physics, such as 
radiant heat, light, magnetism, and electricity, and 
has very recently brought us nearer to the primordial 
element than we have ever been before. 

Wliether this perpetual effort to reduce the com- 
plexities of the world to simpler terms, and to build up 
the infinite variety of objects which present themselves 
to our senses out of different arrangements or motions of 
the least possible number of elementary substances, is a 
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modern heritage from Greek thought, or whether it is a 
native instinct of the human mind may be left for the 
philosopher and the historian to determine. Certain it 
is, however, that the greatest of the Greeks aimed at 
nothing less than the complete banishment of caprice 
from nature and the ultimate reduction of all her pro- 
cesses to a rationally intelligible and unihed system. 
And certain it is also that the periods of greatest progress 
in the history of physics have been the periods in which 
this effort has been most active and most successful. 

Thus the first half of the nineteenth century is 
unquestionably a period of extraordinary fruitfulness. 
It is at the same time a period in which for the first time 
men, under Dalton’s lead, began to get direct, experi- 
mental, quantitative proof that the atomic world which 
the Greeks had bequeathed to us, the world of Leucippus 
and Democritus and Lucretius, consisting as it did of an 
infinite number and variety of atoms, was far more com- 
plex than it needed to be, and that by introducing the 
idea of molecules built up out of different combinations 
and groupings of atoms the number of necessary elements 
could be reduced to but about seventy. The importance 
of this step is borne witness to by the fact tliat out of it 
sprang in a very few years the whole science of modern 
chemistry. 

And now this twentieth century, though but thirty- 
four years old, has already attempted to take a still bigger 
and more significant step. By superposing upon the 
molecular and the atomic worlds of the nineteenth cen- 
tury a third electronic world, it has sought to reduce the 
number of primordial elements to not more than two, 
namely, positive and negative electrical charges. Along 
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with this effort has come the present period of most 
extraordinary development and fertility — a period in 
which new viewpoints and indeed wholly new phenomena 
follow one another so rapidly across the stage of physics 
that the actors themselves scarcely know what is happen- 
ing — a period too in which the commercial and industrial 
world is adopting and adapting to its own uses with a 
rapidity hitherto altogether unparalleled the latest prod- 
ucts of the laboratory of the physicist and the chemist. 
As a consequence, the results of yesterday^s researches, 
designed for no other purpose than to add a little more 
to our knowledge of the ultimate structure of matter, are 
today seized upon by the practical business world and 
made to multiply tenfold the effectiveness of the tele- 
phone or to extract six times as much light as was 
formerly obtained from a given amount of electric power. 

It is then not merely a matter of academic interest 
that electricity has been proved to be atomic or granular 
in structure, that the elementary electrical charge has 
been isolated and accurately measured, and that it has 
been found to enter as a constitutent into the making of 
all the seventy-odd atoms of chemistry. These are 
indeed matters of fundamental and absorbing interest to 
the man who is seeking to unveil nature^s inmost secrets, 
but they axe also events which are pregnant with mean- 
ing for the man of commerce and for tlie worker in the 
factory. For it usually happens that when nature^s 
inner workings have once been laid bare, man sooner or 
later finds a way to put his brains inside the machine and 
to drive it whither he wills. Every increase in man’s 
knowledge of the way in which nature works must, in 
the long run, increase by just so much man’s ability to 
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control nature and to turn her hidden forces to his own 
account. 

The purpose of this volume is to present the evidence 
for the atomic structure of electricity, to describe some 
of the most significant properties of the elementary elec- 
trical unit, the electron, and to discuss the bearing of 
these properties upon the two most important problems 
of modern physics: the structure of the atom and the 
nature of electromagnetic radiation. In this presenta- 
tion I shall not shun the discussion of exact quantitative 
experiments, for it is only upon such a basis, as Pythago- 
ras asserted more than two thousand years ago, that any 
real scientific treatment of physical phenomena is pos- 
sible. Indeed, from the point of view of that ancient 
philosopher, the problem of all natural philosophy is to 
drive out qualitative conceptions and to replace them by 
quantitative relations. And this point of view has been 
emphasized by the farseeing throughout all tlie history of 
physics clear down to the present. One of the greatest 
of modern physicists. Lord Kelvin, writes: 

When you can measure what you are speaking about and 
express it in numbers, you know something about it, and when 
you cannot measure it, when you cannot express it in numbers, 
your knowledge is of a meagre and unsatisfactory kind. It may 
be the beginning of knowledge, but you have scarcely in your 
thought advanced to the stage of a science. 

Although my purpose is to deal mostly with the 
researches of which I have had most direct and intimate 
knowledge, namely, those which have been carried on dur- 
ing the past thirty years in this general field, first in the 
Ryerson Laboratory at the University of Chicago, and 
later at the Norman Bridge Laboratory of Physics at 
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the California Institute at Pasadena, I shall hope to be 
able to give a correct and just review of the preceding 
work out of which these researches grew, as well as of 
parallel work carried on in other laboratories. In popu- 
lar writing it seems to be necessary to link every great 
discovery, every new theory, every important principle, 
with the name of a single individual. But it is an almost 
universal rule that developments in physics actually 
come about in a. very different way. A science, like a 
plant, grows in the main by a process of infinitesimal 
accretion. Each research is usually a modification of a 
preceding one; each new theory is built like a cathedral 
through the addition by many builders of many different 
elements. This is pre-eminently true of the electron 
theory. It has been a growth, and I shall endeavor in 
every case to trace the pedigree of each research con- 
nected with it. 



CHAPTER I 


EARLY VIEWS OF ELECTRICITY 

I. GROWTH OF THE ATOMIC THEORY OF MATTER 

There is an interesting and instructive parallelism 
between the histories of the atomic conception of matter 
and the atomic theory of electricity, for in both cases the 
ideas themselves go back to the very beginnings of the 
subject. In both cases too these ideas remained abso- 
lutely sterile until the development of precise quantita- 
tive methods of measurement touched them and gave 
them fecundity. It took two thousand years for this 
to happen in the case of the theory of matter and one 
hundred and fifty years for it to happen in the case of 
electricity; and no sooner had it happened in tlie case of 
both than the two domains hitherto thought of as dis- 
tinct began to move together and to appear as perhaps 
but different aspects of one and the same phenomenon, 
thus recalling again Thales’ ancient belief in the essential 
unity of nature. How this attempt at union has come 
about can best be seen by a brief review of the histories 
of the two ideas. 

The conception of a world made up of atoms which 
are in incessant motion was almost as clearly developed 
in the minds of the Greek philosophers of the School of 
Democritus (420 B.c.), Epicurus (370 b.c.), and Lucre- 
tius (Roman, 50 b.c.) as it is in the mind of the modern 
physicist, but the idea had its roots in one case in a mere 
speculative philosophy; in the other case, like most of 

6 
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our twentieth-century knowledge, it rests upon direct, 
exact, quantitative observations and measurement. Not 
that the human eye has ever seen or indeed can ever see 
an individual atom or molecule. This is forever impos- 
sible, and for the simple reason that the limitations on our 
ability to see small objects are imposed, not by the imper- 
fections of our instruments, but by the nature of the eye 
itself, or by tlie nature of the light-wave to which the 
eye is sensitive. If we are to see molecules our biological 
friends must develop wholly new types of eyes, viz., 
eyes which are sensitive to waves one thousand times 
shorter than those to which our present optic nerves can 
respond. 

But after all, the evidence of our eyes is about tlie 
least reliable kind of evidence which we have. We are 
continually seeing things which do not exist, even though 
our habits are unimpeachable. It is the relations which 
are seen by the mind’s eye to be the logical consequences 
of exact measurement which are for the most part 
dependable. So far as the atomic theory of matter is 
concerned, these relations have all been developed since 
1800, so that both the modern atomic and the modern 
kinetic theories of matter, in spite of their great an- 
tiquity, are in a sense less than one hundred years old. 
Indeed, nearly all of our definite knowledge about mole- 
cules and atoms has come since i8sx, when Joule’^ in 
Ehigland made the first absolute determination of a 
molecular magnitude, namely, the average speed with 
which gaseous molecules of a given kind are darting 
hither and thither at ordinary temperatures. This 

* Mew. of the Manchester Lit. and Phil. Soc. (1851; ad series), 107; 
Phil Mag., XTV (1857), 211. 
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result was as surprising as many others which have 
followed in the field of molecular physics, for it showed 
that this speed, in the case of the hydrogen molecule, has 
the stupendous value of about a mile a second. The 
second molecular magnitude to be found was the mean 
distance a molecule of a gas moves between collisions, 
technically called the mean free path of a molecule. 
This was computed first in i860 by Clerk Maxwell.^ It 
was also i860 before anyone had succeeded in making any 
sort of an estimate of the number of molecules in a cubic 
centimeter of a gas. When we reflect that we can now 
count this number with probably greater precision than 
we can attain in detennining the number of people living 
in New York, in spite of the fact that it has the huge 
value of 27.05 billion billion, one gains some idea of how 
great has been our progress in mastering some at least 
of the secrets of the molecular and atomic worlds. The 
wonder is that we got at it so late. Nothing is more sur- 
prising to the student brought up in the atmosphere of 
the scientific thought of the present than the fact that the 
relatively complex and intricate phenomena of light and 
electromagnetism had been built together into moder- 
ately consistent and satisfactory theories long before the 
much simpler phenomena of heat and molecular physics 
had begun to be correctly understood. And yet almost 
all the qualitative conceptions of the atomic and kinetic 
theories were developed thousands of years ago. Tyn- 
dalFs statement of the principles of Democritus, whom 
Bacon considered to be ‘^a man of mightier metal than 

^ Phil. Mag., XIX (i860; 4tli series), 28. Clausius had discussed 
some of the relations of this quantity in 1858 { Pogg * Ann,, CV [1858], 
239), but Maxwell’s magnificent work on the viscosity of gases first 
made possible its evaluation. 
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Plato or Aristotle, though their philosophy was noised and 
celebrated in the schools amid the din and pomp of pro- 
fessors,’’ will show how complete an atomic philosophy 
had arisen 400 years b . c . “That it was entirely de- 
stroyed later was not so much due to the attacks upon 
it of the idealistic school, whose chief representatives were 
Plato and Aristotle, as to the attacks upon all civiliza- 
tion of Genseric, Attila, and the barbarians.” That the 
Aristotelian philosophy lasted throughout this period is 
explained by Bacon thus: “At a time when all human 
learning had suffered shipwreck these planks of Aris- 
totelian and Platonic philosophy, as being of a lighter 
and more inflated substance, were preserved and came 
down to us, while things more solid sank and ahnost 
passed into oblivion.” 

Democritus’ principles, as quoted by Tyndall, are as 
follows: 

1. From nothing comes nothing. Nothing that exists can be 
destroyed. All changes are due to the combination and separation 
of molecules. 

2. Nothing happens by chance. Every occurrence has its 
cause from which it follows by necessity. 

3. The only existing things are the atoms and empty space; 
all else is mere opinion. 

4. The atoms are infinite in number and infinitely various in 
form; they strike together and the lateral motions and whirlings 
which thus arise are the beginnings of worlds. 

5. The varieties of all things depend upon the varieties of 
their atoms, in number, size, and aggregation. 

6. The soul consists of fine, smooth, round atoms like those 
of fire. These are the most mobile of all I'hey interpenetrate 
the whole body and in their motions the phenomena of life arise. 

These principles witli a few modifications and omis- 
sions might almost pass muster today. The great 
advance which has been made in modern times is not so 
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much in the conceptions themselves as in the kind of 
foundation upon which the conceptions rest. The prin- 
ciples enumerated above were simply the opinions of one 
man or of a school of men. There were scores of other 
rival opinions, and no one could say which was the better. 
Today there is absolutely no philosophy in the field other 
than the atomic philosophy, at least among physicists. 
Yet this statement could not have been made even as 
much as thirty years ago. For in spite of all the multiple 
relationships between combining powers of the elements, 
and in spite of all the other evidences of chemistry and 
nineteenth-century physics, a group of the foremost of 
modern thinkers, until quite recently, withheld their 
allegiance from these theories. The most distinguished 
of tliis group was the German chemist and philosopher, 
Wilhelm Ostwald. However, in the preface to the last 
edition of his Outlines of Chemistry he now makes the 
following clear and frank avowal of his changed position. 
He says: 

I am now convinced that we have recently become possessed 
of experimental evidence of the discrete or grained nature of 
matter for which the atomic hypothesis sought in vain for hun- 
dreds and thousands of years. The isolation and counting of 
gaseous ions on the one hand .... and on the other the agree- 
ment of the Brownian movements with the requirements of the 
kinetic hypothesis .... justify the most cautious scientist in 
now speaking of the experimental proof of the atomic theory of 
matter. The atomic hypothesis is thus raised to the position of 
a scientifically well-founded theory. 

II. GROWTH or ELECTRICAL THEORIES 

The granular theory of electricity, while unlike the 
atomic and kinetic theories of matter in that it can boast 
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no great antiquity in any form, is like them in that the 
first man who speculated upon the nature of electricity at 
all conceived of it as having an atomic structure. Yet it 
is only within very recent years — forty at the most — 
that the modern electron theory has been developed. 
There are no electrical theories of any kind which go 
back of Benjamin Franklin (1750). Aside from the dis- 
covery of the Greeks that rubbed amber had the power 
of attracting to itself light objects, tliere was no knowl- 
edge at all earlier than 1600 a.d., when Gilbert, Queen 
Elizabeth’s surgeon, and a scientist of great genius and 
insight, found that a glass rod and some twenty other 
bodies, when rubbed with silk, act like the rubbed amber 
of the Greeks, and he consequently decided to describe 
the phenomenon by saying that the glass rod had become 
electrified (amberized, electron being the Greek word for 
amber), or, as we now say, had acquired a charge of 
electricity. In 1733 Dufay, a French physicist, further 
found that sealing wax, when rubbed with cat’s fur, was 
also electrified, but that it differed from the electrified 
glass rod, in that it strongly attracted any electrified body 
which was repelled by the glass, while it repelled any 
electrified body which was attracted by the glass. He 
was thus led to recognize two kinds of electricity, which 
he termed vitreous” and ^‘resinous.” About 1747 
Benjamin Franklin, also recognizing these two kinds of 
electrification, introduced the terms positive” and 
“negative,” to distinguish them. Thus, he said, we will 
arbitrarily call any body positively electrified if it is 
repelled by a glass rod which has been rubbed with silk, 
and we will call any body negatively electrified if it is 
repelled by sealing wax which has been rubbed with cat’s 
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fur. These are today our definitions of positive and nega- 
tive electrical charges. Notice that in setting them up we 
propose no theory whatever of electrification, but con- 
tent ourselves simply with describing the phenomena. 

In the next place it was surmised by Franklin and 
indeed asserted by him in the very use of the terms 
“positive’^ and ‘‘negative,’’ although the accurate proof 
.of the relation was not made until the time of Faraday’s 
ice-pail experiment in 1837, that when glass is positively 
electrified by rubbing it with silk, the silk itself takes up 
a negative charge of exactly the same amount as the 
positive charge received by the glass, and, in general, 
that positive and negative electrical charges always appear 
simultaneously and in exactly equal amounts. 

So far, still no theory. But in order to have a 
rational explanation of the phenomena so far considered, 
particularly this last one, Franklin now made the assump- 
tion that something which he chose to call the electrical 
fluid or “ electrical fire” exists in normal amount as a con- 
stituent of all matter in the neutral, or unelectrified state, 
and that more than the normal amount in any body is 
manifested as a positive electrical charge, and less than 
the normal amount as a negative charge. Aepinus, pro- 
fessor of physics at St. Petersburg and an admirer of 
Franklin’s theory, pointed out that, in order to account 
for the repulsion of two negatively electrified bodies, it 
was necessary to assume that matter, when divorced from 
Franklin’s electrical fluid, was self-repellent, i.e*, that it 
possessed properties quite different from those which are 
found in ordinary unelectrified matter. In order, how- 
ever, to leave matter, whose independent existence was 
thus threatened, endowed with its familiar old properties, 



EARLY VIEWS OF ELECTRICITY 


13 


and in order to get electrical phenomena into a class by 
themselveSj other physicists of the day, led by Symmer, 
1759, preferred to assume that matter in a neutral state 
shows no electrical properties because it contains as con- 
stituents equal amounts of two weightless fluids which they 
called positive and negative electricity, respectively. From 
this point of view a positively charged body is one in 
which there is more of the positive fluid than of the nega- 
tive, and a negatively charged body is one in which the 
negative fluid is in excess. 

Thus arose the so-called two-fluid theory — a theory 
which divorced again the notions of electricity and mat- 
ter after Franklin had taken a step toward bringing them 
together. This theory, in spite of its intrinsic diSiculties, 
dominated the development of electrical science for one 
hundred years and more. This was because, if one did 
not bother himself much with the underlying physical 
conception, the theory lent itself admirably to the 
description of electrical phenomena and also to mathe- 
matical formulation. Further, it was convenient for the 
purposes of classification. It made it possible to treat 
electrical phenomena in a category entirely by them- 
selves, without raising any troublesome questions as to 
the relation, for example, between electrical and gravita- 
tional or cohesive forces. But in spite of these advan- 
tages it was obviously a makeshift. For the notion of 
two fluids which could exert powerful forces and yet 
which were absolutely without weight — the most funda- 
mental of physical properties — and the further notion of 
two fluids which had no physical properties whatever, 
that is, which disappeared entirely when they were 
mixed in equal proportions^ — ^these notions were in a 
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high degree non-physical Indeed, Sir J. J, Thomson 
remarked in his Silliman Lectures in 1903 that 

the physicists and mathematicians who did most to develop the 
fluid theories confined their attention to questions which involved 
only the law of forces between electrified bodies and the simulta- 
neous production of equal quantities of plus and minus electricity, 
and refined and idealized their conception of the fluids themselves 
until any reference to their physical properties was considered 
almost indelicate. 

From the point of view of economy in hypothesis, 
Franklin’s one-fluid theory, as modified by Aepinus, was 
the better. Mathematically the two theories were iden- 
tical The differences may be summed up thus. The 
modified one-fluid theory required that matter, when 
divorced from the electrical fluid, have exactly the same 
properties which the two-fluid theory ascribed to nega- 
tive electricity, barring only the property of fluidity. 
So that the most important distinction between the 
theories was that the two-fluid theory assumed the exist- 
ence of three distinct entities, named positive electricity, 
negative electricity, and matter, while the one-fluid 
theory reduced these three entities to two, which Franklin 
called matter and electricity, but which might perhaps as 
well have been called positive electricity and negative 
electricity, unelectrified matter being reduced to a mere 
combination of these two. 

Of course, the idea of a granular structure for elec- 
tricity was foreign to the two-fluid theory, and sSince this 
dominated the development of electrical science, there 
was seldom any mention in connection with it of an elec- 
trical atom, even as a speculative entity. But with 
Franklin the case was different. His theory was essen- 
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dally a material one, and he unquestionably believed in 
the existence of an electrical particle or atom, for he says : 
“The electrical matter consists of particles extremely 
subtle, since it can permeate common matter, even the 
densest, with such freedom and ease as not to receive any 
appreciable resistance/’ When Franklin wrote that, 
however, he could scarcely have dreamed that it would 
ever be possible to isolate and study by itself one of 
the ultimate particles of the electrical fluid. The 
atomic theory of electricity was to him what tlie 
atomic theory of matter was to Democritus, a pure 
speculation. 

' The first bit of experimental evidence which appeared 
in its favor came in 1833, when Faraday found that the 
passage of a given quantity of electricity through a solu- 
tion containing a compound of hydrogen, for example, 
would always cause the appearance at the negative 
terminal of the same amount of hydrogen gas irrespec- 
tive of the kind of hydrogen compound which had been 
dissolved, and irrespective also of the strength of the 
solution; that, furtlier, the quantity of electricity 
required to cause the appearance of one gram of hydro- 
gen would always deposit from a solution containing 
silver exactly 107.05 grams of silver. This meant, since 
the weight of the silver atom is exactly 107.05 times the 
weight of the hydrogen atom, that the hydrogen atom 
and the silver atom are associated in the solution with 
exactly the same quantity of electricity. When it was 
further found in this way that all atoms whicli are 
univalent in chemistry, tliat is, which combine with one 
atom of hydrogen, carry precisely the same quantity of 
electricity, and all atoms which are bivalent carry twice 
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this amount, and, in general, that valency, in chemistry, 
is always exactly proportional to the quantity of elec- 
tridty carried by the atom in question, it was obvious 
that the atomic theory of electricity had been given very 
strong support. 

But striking and significant as were these discoveries, 
they did not serve at all to establish the atomic hypothe- 
sis of the nature of electricity. They were made at the 
very time when attention began to be directed strongly 
away from the conception of electricity as a substance 
of any kind, and it was no other than Faraday himself 
who, in spite of the brilliant discoveries just mentioned, 
started this second period in the development of electrical 
theory, a period lasting from 1840 to about 1900. In 
this period electrical phenomena are almost exclusively 
thought of in terms of stresses and strains in the medium 
which surrounds the electrified body. Up to this time 
a more or less definite something called a charge of elec- 
tricity had been thought of as existing on a charged body 
and had been imagined to exert forces on other charged 
bodies at a distance from it in quite the same way in 
which the gravitational force of the earth acts on the 
moon or that of the sun on the earth. This notion of 
action at a distance was repugnant to Faraday, and he 
found in the case of electrical forces experimenta) reasons 
for discarding it which had not then, nor have they as yet, 
been found in the case of gravitational forces. These 
reasons are summed up in the statement that the electri- 
cal force between two charged bodies is found to depend 
on the nature of the intervening medium, while gravita- 
tional pulls are, so far as is known, independent of inter- 
vening bodies. Faraday, therefore, pictured to himself 
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the intervening medium as transmitting electrical force 
in quite the same way in which an elastic deformation 
started at one end of a rod is transmitted by the rod. 
Further, since electrical forces act through a vacuum, 
Faraday had to assume that it is the ether which acts as 
the transmitter of these electrical stresses and strains. 
The properties of the ether were then conceived of as 
modified by the presence of matter in order to account 
for the fact that the same two charges attract each other 
with different forces according as the intervening medium 
is, for example, glass, or ebonite, or air, or merely ether. 
These views, conceived by Faraday and put into mathe- 
matical form by Maxwell, called attention away from 
the electrical phenomena in or on a conductor carrying 
electricity and focused it upon the stresses and strains 
taking place in the medium about the conductor. When 
in 1887 Heinrich Hertz in Bonn, Germany, proved by 
direct experiment that electrical forces are indeed trans- 
mitted in the form of electric waves, which travel through 
space with the speed of light exactly as the Faraday- 
Maxwell tlieory had predicted, the triumph of the 
ether-stress i)oint of view was complete. Thereupon 
textbooks were written by enthusiastic, but none too 
cautious, physicists in which it was asserted that an 
electric charge is nothing more than a state of strain 
in the ether, and an electric current, instead of repre- 
senting the passage of anything definite along the wire, 
corresponds merely to a continuous ^^slip’^ or ^'break- 
down of a strain” in the medium within the wire. 
Sir Oliver Lodge’s early book, Modern Vtews of Elec- 
tricity^ was perhaps the most influential disseminator 
and expounder of this point of view. 
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Now what had actually been proved was not that 
electricity is a state of strain, but that when any elec- 
trical charge appears upon a body the medium about the 
body does indeed become the seat of new forces which 
are transmitted through the medium, like any elastic 
forces, with a definite speed. Hence it is entirely proper 
to say that the medium about a charged body is in a 
state of strain. But it is one thing to say that the elec- 
trical charge on the body produces a state of strain in the 
surrounding medium, and quite another thing to say that 
the electrical charge is nothing but a state of strain in the 
surrounding medium. Just as it is one thing to say that 
when a man stands on a bridge he produces a mechanical 
strain in the timbers of the bridge, and another thing to 
say that the man is nothing more than a mechanical 
strain in the bridge. The practical difference between 
the two points of view is that in tlie one case you look 
for other attributes of the man besides the ability to 
produce a strain in the bridge, and in the other case you 
do not look for other attributes. So the strain theory, 
although not irreconcilable with the atomic hypothesis, 
was actually antagonistic to it, because it led men to 
think of the strain as distributed continuously about the 
surface of the charged body, rather than as radiating from 
definite spots or centers peppered over the surface of the 
body. Between 1833 and 1900, then, the physicist was 
in this peculiar position: when he was thinking of the 
passage of electricity through a solution, he for the most 
part, following Faraday, pictured to himself definite 
specks or atoms of electricity as traveling through the 
solution, each atom of matter carrying an exact multiple, 
which might be anywhere between one and eight, of a 
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definite elementary electrical atom, while, when he was 
thinking of the passage of a current through a metallic 
conductor, he gave up altogether the atomic hypothesis, 
and attempted to picture the phenomenon to himself as 
a continuous ‘‘slip^^ or “breakdown of a strain” in the 
material of the wire. In other words, he recognized two 
types of electrical conduction which were wholly distinct 
in kind — electrolytic conduction and metallic conduction ; 
and since more of the problems of the physicist dealt with 
metallic than with electrolytic conduction, tlie atomic 
conception, as a general hypothesis, was almost, though 
not quite, unheard of. Of course it would be unjust to 
the tliinkers of this period to say that they failed to 
recognize and appreciate tliis gulf between current views 
as to the nature of electrolytic and metallic conduction, 
and simply ignored the difl 5 .culty. This they did not do, 
but they had all sorts of opinions as to the causes. 
Maxwell himself in his text on Electricity and Magnetism^ 
published in 1873, recognizes, in the chapter on “Elec- 
trolysis,”^ the significance of Faraday’s laws, and even 
goes so far as to say that “for convenience in description 
we may call this constant molecular charge (revealed by 
Faraday’s experiments) one molecule of electricity.” 
Nevertheless, a little farther on he repudiates the idea 
that this term can have any physical significance by 
saying that “it is extremely improbable that when we 
come to understand the true nature of electrolysis we 
shall retain in any form the theory of molecular charges, 
for then we shall have obtained a secure basis on which 
to form a true theory of electric currents and so become 
independent of these provisional hypotheses.” 

* I, 37S-“8<5, 
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Aad as a matter of fact, Faraday^s experiments had 
not shown at all that electrical charges on metallic con- 
ductors consist of specks of electricity, even though they 
had shown that the charges on ions in solutions have 
definite values which are always the same for univalent 
ions. It was entirely logical to assume, as Maxwell did, 
tliat an ion took into solution a delinite quantity of elec- 
tricity because of some property which it had of always 
charging up to the same amount from a charged plate. 
There was no reason for assuming the charge on the elec- 
trode to be made up of some exact number of electrical 
atoms. 

On the other hand, Wilhelm Weber, in papers written 
in 1871/ built up his whole theory of electromagnetism 
on a basis which was practically identical with the modi- 
fied Franklin theory and explained all the electrical 
phenomena exhibited by conductors, including thermo- 
electric and Peltier effects, on the assumption of two 
types of electrical constituents of atoms, one of which was 
very much more mobile than the other. Thus tlie hypo- 
thetical molecular current, which Ampere had imagined 
fifty years earlier to be continually flowing inside of 
molecules and thereby rendering these molecules little 
electromagnets, Weber definitely pictures to himself 
as the rotation of light, positive charges about heavy 
negative ones. His words are: 

The relation of the two particles as regards their motions is 
determined by the ratio of their masses e and e', on the assumption 
that in e and e' are included the masses of the ponderable atoms 
which are attached to the electrical atoms. Let e be the positive 
electrical particle. Let the negative be exactly equal and opposite 


* See Werke.^ TV, 281. 
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and therefore denoted by —e (instead of e'). But let a ponderable 
atom be attracted to the latter so that its mass is thereby so 
greatly increased as to make the mass of the positive particle 
vanishingly small in comparison. The particle —e may then be 
thought of as at rest and the particle +e as in motion about the 
particle —e. The two unlilce particles in the condition described 
constitute then an Amperian molecular current. 

It is practically this identical point of view which has 
been elaborated and generalized by Lorentz and others 
within the past four decades in the development of the 
modern electron theory, with this single difference, that 
we now have proof that it is, in general, the negative 
particle whose mass or inertia is negligible in comparison 
with that of the positive instead of the reverse. Weber 
even went so far as to explain thermoelectric and Peltier 
effects by differences in the kinetic energies in different 
conductors of the electrical particles.^ Nevertheless his 
explanations are here widely at variance with our modern 
conceptions of heat. 

Again, in a paper read before the British Association 
at Belfast in 1874, G. Johnstone Stoney not only stated 
clearly the atomic tlieory of electricity, but actually went 
so far as to estimate the value of the elementary electrical 
charge, and he obtained a value which was about as 
reliable as any which had been found until within quite 
recent years. He got, as will be more fully explained in 
the next chapter, .3X10“*® absolute electrostatic units, 
and he got this result from the amount of electricity 
necessary to separate from a solution one gram of hydro- 
gen, combined witli kinetic theory estimates as to the 
number of atoms of hydrogen in two grams, i,e., in one 


* Op, cU,^ p, a94. 
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gram molecule of that element. This paper was entitled, 
“On the Physical Units of Nature, and though read in 
1874 it was not published in full until 1881.^ After show- 
ing that all physical measurements may be expressed in 
terms of three fundamental units, he asserts that it would 
be possible to replace our present purely arbitrary units 
(the centimeter, the gram, and the second) by three 
natural units, namely, the velocity of light, the coefh- 
cient of gravitation, and the elementary electrical charge. 
With respect to the last he says: 

Finally nature presents us with a single definite quantity of 
electricity which is independent of the particular bodies acted on. 
To make this clear, I shall express Faraday's law in the following 
terms, which, as I shall show, will give it precision, viz.: For each 
chemical bond which is ruptured within an electrolyte a certain 
quantity of electricity traverses the electrolyte which is the same in 
all cases. This definite quantity of electricity I shall call Ei. If 
we make this our unit of electricity, we shall probably have made 
a very important step in our study of molecular phenomena. 

Hence we have very good reason to suppose that in Fx, 
and Ea, we have three of a series of systematic units that in an 
eminent sense are the units of nature, and stand in an intimate 
relation with the work which goes on in her mighty laboratory. 

Take one more illustration from prominent writers 
of this period. In his Faraday lecture delivered at the 
Royal Institution in 1881, Helmholtz spoke as follows: 

Now the most startling result of Faraday's law is perhaps this, 
if we accept the hypothesis that the elementary substances are 
composed of atoms, we cannot avoid concluding that electricity 
also, positive as well as negative, is divided into definite elementary 
portions which behave like atoms of electricity.® 

* Fhil. Mag., XI (1881; sth series), 384, 

® Wissenschaftliche Ahhandlungen, III, 69. 
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This looks like a very direct and unequivocal state- 
ment of the atomic theory of electricity, and yet in the 
same lecture Helmholtz apparently thinks of metallic 
conduction as something quite different from electrolytic 
when he says: 

All these facts show that electrolytic conduction is not at all 
limited to solutions of acids or salts. It will, however, be rather 
a difficult problem to find out how far the electrolytic conduction 
is extended, and I am not yet prepared to give a positive answer. 

The context shows that he thought of extending the 
idea of electrolytic conduction to a great many insula- 
tors. But there is no indication that he thought of 
extending it to metallic conductors and imagining these 
electrical atoms as existing as discrete individual things 
on charged metals or as traveling along a wire carrying an 
electrical current. Nevertheless, the statement quoted 
above is one of the most unequivocal which can be found 
anywhere up to about 1899 as to the atomic nature of 
electricity. 

The foregoing quotations are sufficient to show that 
the atomic tlieory of electricity, like the atomic theory 
of matter, is not at all new so far as the conception alone 
is concerned. In both cases there were individuals who 
held almost exactly the modern point of view. In both 
cases, too, the chief new developments have consisted in 
the appearance of new and exact experimental data which 
has silenced criticism and compelled the abandonment 
of other points of view which up to about 1900 flourished 
along with, and even more vigorously tlian, the atomic 
conception. Even in 1897 Lord Kelvin, with a full 
knowledge of all the new work which was appearing 
on X-rays and cathode rays, could seriously raise the 
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question whether electricity might not be a continuous 
homogeneous liquid/^ He does it in these words: 

Varley’s fundamental discovery of the cathode rays, splendidly 
confirmed and extended by Crookes, seems to me to necessitate the 
conclusion that resinous electricity, not vitreous, is The Electric 
Fluids if we are to have a one-fluid theory of electricity. Mathe- 
matical reasons prove that if resinous electricity is a continuous 
homogeneous liquid it must, in order to produce the phenomena 
of contact electricity, which you have seen this evening, be 
endowed with a cohesional quality. It is just conceivable, though 
it does not at present seem to me very probable, that this idea may 
deserve carefiil consideration. I leave it, however, for the present 
and prefer to consider an atomic theory of electricity foreseen as 
worthy of thought by Faraday and Clerk-Maxwell, very definitely 
proposed by Helmholtz in his last lecture to the Royal Institution, 
and largely accepted by present-day workers and teachers. Indeed 
Faraday’s laws of electrolysis seem to necessitate something atomic 
in electricity, . . . 

What was the new experimental work which already 
in 1897 was working this change in viewpoint ? Much 
of it was at first little if at all more convincing than that 
which had been available since Faraday’s time. Never- 
theless it set physicists to wondering whether stresses 
and strains in the ether had not been a bit overworked, 
and whether in spite of their undoubted existence elec- 
tricity itself might not after all be something more 
definite, more material, than the alhconquering Maxwell 
theory had assumed it to be. 

The result of the past thirty-five years has been to 
bring us back very close to where Franklin was in 1750, 
with the single difference that our modern electron theory 
rests upon a mass of very direct and convincing evidence, 
which it is the purpose of the next chapters to present. 

^ Kelvin, “Contact Electricity and Electrolysis,” Nature, LVI 
(i8q7), 84 . 



CHAPTER II 


THE EXTENSION OF THE ELECTROLYTIC LAWS TO 
CONDUCTION IN GASES 

I. THE ORIGIN OE THE WORD ^'ELECTRON’’ 

The word “electron” was first suggested in 1891 by 
Dr. G. Johnstone Stoney as a name for the “natural unit 
of electricity,” namely, that quantity of electricity which 
must pass through a solution in order to liberate at one 
of the electrodes one atom of hydrogen or one atom of 
any univalent substance. In a paper published in 1891 
he says: 

Attention must be given to Faraday^s Law of Electrolysis, 
which is equivalent to the statement that in electrolysis a definite 
quantity of electricity, the same in all cases, passes for each chemi- 
cal bond that is ruptured. The author called attention to this 
form of the law in a communication made to the British Associa- 
tion in 1874 and printed in the Scientific Proceedings of the Royal 
Dublin Society of February, 1881, and in the Philosophical Maga- 
zine for May, 1881, pp. 385 and 386 of the latter. It is there shown 
that the amount of this very remarkable quantity of electricity is 

about the twentiethet (^that is of the usual electromagnetic 
unit of electricity, i.e., the unit of the Ohm series. This is the 
same as 3 eleventhets of the much smaller C.G.S. electro- 
static unit of quantity. A charge of this amount is associated in 
the chemical atom with each bond. There may accordingly be 
several such charges in one chemical atom, and there appear to be 
at least two in each atom. These charges, which it will be con- 
venient to call “electrons,” cannot be removed from the atom, 
but they become disguised when atoms chemically unite. If an 

2S 
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electron be lodged at the point P of the molecule which undetgocs 
the motion described in the last chapter, the revolution of this 
charge will cause an electromagnetic undulation in the surrounding 
ether.^ 

It will be noticed from this quotation that the word 
electron was introduced to denote simply a definite ele- 
mentary quantity of electricity without any reference to 
the mass or inertia which may be associated with it, and 
Professor Stoney implies that every atom must contain 
at least two electrons, one positive and one negative, 
because otherwise it would be impossible that the atom 
as a whole be electrically neutral. As a matter of fact 
the evidence is now altogether convincing that the 
hydrogen atom does indeed contain just one positive and 
one negative electron. 

It is unfortunate that all writers have not been more 
careful to retain the original significance of the word 
introduced by Professor Stoney, for it is obvious that a 
word is needed which denotes merely the elementary unit 
of electricity and has no necessary implication as to where 
that unit is found, to what it is attached, with what 
inertia it is associated, or whether it is positive or negative 
in sign; and it is also apparent that the word ‘^electron” 
is the logical one to associate with this conception. 
Further, there is no difficulty in retaining this original 
and derivative significance of the word electron,’^ and at 
the same time permitting its common use as a convenient 
abridgment for ''the free negative electron.’’ In other 
words, in view of the omnipresence of the negative elec- 
tron in experimental physics and the extreme rarity of 

* Scientific Transactions oj the Royal Dublin Society, IV (1891; nth 
series), 563. 
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the isolated positive electron, it may be generally agreed 
that the negative is understood unless the positive is 
specified. The case is then in every way identical with 
that found in the use of the word ‘^man,^’ which serves 
admirably both to designate the genus ‘‘homo” and also 
to denote the male representative of that genus, the 
female being then differentiated by the use of a prefix. 
The terms “electron” and “positive electron” would 
then be used altogether conveniently precisely as are the 
terms “ man ” and “ W'oman.” Indeed, the most authori- 
tative writers — Thomson, Rutherford, Campbell, Rich- 
ardson, etc. — have in fact retained the original signifi- 
cance of the word “ electron” instead of using it to denote 
solely the free negative electron, the mass of which is 
1/ 1,835 of of the hydrogen atom. All of these writers 
in books or articles written since 1913^ have treated of 
positive as well as negative electrons, although the mass 
associated with the former is most commonly that of the 
hydrogen atom. Nor is this altogether logical use con- 
fined at all to English. Perrin has approved it, and 
Nernst in the 1921 edition of his Theoritische Chemie^ 
on pp. 197 and 456, definitely and unambiguously defines 
the positive and negative electrons, precisely as has been 
done above, as the elementary positive and negative 
electrical charges, respectively. 

II. THE DETERMINATION OR - AND Ne EROM THE TACTS 

m 

OF ELECTROLYSIS 

Faraday’s experiments had of course not furnished 
the data for determining anything about how much 

* See particularly Rutherford’s presidential address at the 1923 
Liverpool meeting of the British Association, Scknce^ LVIII (1923), 213. 
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electricity an electron represents in terms of the standard 
unit by which electrical charges are ordinarily measured 
in the laboratory. This is called the coulomb, and 
represents the quantity of electricity conveyed in 
one second by one ampere. Faraday had merely shown 
that a given current flowing in succession through 
solutions containing different univalent elements like 
hydrogen or silver or sodium or potassium would deposit 
weights of these substances which are exactly proper- 
tional to their respective atomic weights,. This enabled 
him to assert that one and the same amount of elec- 
tricity is associated in the process of electrolysis with 
an atom of each of these substances. He thought of this 
charge as carried by the atom, or in some cases by a group 
of atoms, and called the group with its charge an ‘Ton/’ 
that is, a “goer,” or “traveler.” Just how the atoms 
come to be charged in a solution Faraday did not know, 
nor do we know now with any certainty. Further, we 
do not know how much of the solvent an ion associates 
with itself and drags with it through the solution. But 
we do know that when a substance like salt is dissolved 
in water many of the neutral NaCl molecules are split 
up by some action of the water into positively charged 
sodium (Na) ions and negatively charged chlorine (Cl) 
ions. The ions of opposite sign doubtless are all the 
time recombining, but others are probably continually 
forming, so that at each instant there are many uncom- 
bined ions. Again, we know that when a water solution 
of copper sulphate is formed many of the neutral CUSO4 
molecules are split up into positively charged Cu ions 
and negatively charged SO4 ions. In this last case too 
we find that the same current which will deposit in a 
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given time from a silver solution a weight of silver equal 
to its atomic weight will deposit from the copper-sulphate 
solution in the same time a weight of copper equal to 
exactly one-half its atomic weight. Hence we know that 
the copper ion carries in solution twice as much elec- 
tricity as does the silver ion, that is, it carries a charge of 
two electrons. 

But though we could get from Faraday’s experiments 
no knowledge about the quantity of electricity, repre- 
sented by one electron, we could get very exact infor- 
mation about the ratio of the ionic charge E to the 
mass of the atom with which it is associated in a given 
solution. 

For, if the whole current which passes through a 
solution is carried by the ions — and if it were not we 
should not always find the deposits exactly proportional 
to atomic weights — then the ratio of the total quantity 
of electricity passing to the weight of the deposit pro- 
duced must be the same as the ratio of the charge E on 
each ion to the mass m of that ion. But by international 
agreement one absolute unit of electricity has been 
defined in the electromagnetic system of units as the 
amount of electricity which will deposit from a silver 
solution 0.01118 grams of metallic silver. Hence if m 
refers to the silver ion and E means the charge on the 
ion, we have 

E I 

for silver — = ^=80 .44 electromagnetic units; 

or if m refers to the hydrogen ion, since the atomic 

weight of silver is times that of hydrogen, 

1.00777 ^ ' 
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r 1 j I . .107.88 

for hydrogen — = — - — ^=9,573, 

which, is about 10^ electromagnetic units. 

E 

Thus in electrolysis ~ varies from ion to ion, being 

for univalent ions, for which E is the same and equal to 
one electron e, inversely proportional to the atomic 
weight of the ion. For poli valent ions E may be 2, 3, 
4, or 5 electrons, but since hydrogen is at least 7 times 
Ughter than any other ion which is ever found in solution, 
and its charge is but one electron, we see that the largest 
E 

value which — ever has in electrolysis is its value for 
m 

hydrogen, namely, about lo^ electromagnetic units. 

E 

Although — varies with the nature of the ion, there is 
m 

a quantity which can be deduced from it which is a uni- 
versal constant. This quantity is denoted by Aa, where 
e means as before an electron and N is the Avogadro con- 
stant or the number of molecules in 32 grams of oxygen, 
i.e., in one gram molecule. We can get this at once from 
E 

the value of — by letting m refer to the mass of that 
m 

imaginary univalent atom which is the unit of our 
atomic weight system, namely, an atom which is exactly 
1/16 as heavy as oxygen or 1/107.88 as heavy as silver. 
For such an atom 

E e 107.88 . 

tn m 0.01118 ^ ^ 

Multiplying both numerator and denominator by N and 
remembering that for this gas one gram molecule means 
I gram, that is iFw = i, we have 

iVe= 9649.4 international electromagnetic units, (i) 
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and since the electromagnetic unit is equivalent to 
3X10'® electrostatic units, we have 

Ne= 28,948X10” international electrostatic units. 

Further, since a gram molecule of an ideal gas under 
standard conditions, i.e., at 0° C. 76 cm. pressure, 
occupies 22412 C.C., if fit represents the number of mole- 
cules of such a gas per cubic centimeter at 0° C., 76 cm., 
we have 

28,948X10” V. 1 . 

— j .292X10” electrostatic units. 

22,412 

Or if n represent the number of molecules per cubic 
centimeter at 15^ C. 76 cm., we should have to multiply 
the last number by the ratio of absolute temperatures, 
i.e., by 273/288 and should obtain then 

.225X10” (2) 

Thus, even though the facts of electrolysis give us no 
information at all as to how much of a charge one electron 
e represents, they do tell us very exactly that if we should 
take e as many times as there are molecules in a gram 
molecule we should get exactly 9,649.4 international elec- 
tromagnetic units of electricity. This is the amount of 
electricity conveyed by a current of i ampere in 10 sec- 
onds. Until quite recently we have been able to make 
nothing better than rough guesses as to the number of 
molecules in a gram molecule, but with the aid of these 
guesses, obtained from the kinetic theory, we have, of 
course, been enabled by (i) to make equally good 
guesses about e. Those guesses, based for the most 
part on quite uncertain computations as to the average 
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radius of a molecule of air, placed N anywhere between 
2X10^^ and 2oXio^^ It was in this way that G. John- 
stone Stoney in 1874 estimated e at .3X10-"^® E.S. units. 
In 0 . E. Meyer^s Kinetische Theorie der Case (p. 335; 
1899), n, the number of molecules in a cubic centimeter, is 
given as 6 X 10^^. This would correspond to e = 2 X 10“^®. 
In all this e is the charge carried by a univalent ion in 
solution and iV or is a pure number, which is a char- 
acteristic gas constant, it is true, but the analysis has 
nothing whatever to do with gas conduction. 

in. THE NATURE OP GASEOUS CONDUCTION 

The question whether gases conduct at all, and if so, 
whether their conduction is electrolytic or metallic or 
neither, was scarcely attacked until about 1895. Cou- 
lomb in 1785 had concluded that after allowing for the 
leakage of the supports of an electrically charged con- 
ductor, some leakage must be attributed to the air itself, 
and he explained this leakage by assuming that the air 
molecules became charged by contact and were then 
repelled — a wholly untenable conclusion, since, were it 
true, no conductor in air could hold a charge long even 
at low potentials, nor could a very highly charged con- 
ductor lose its charge very rapidly when charged above 
a certain potential and then when the potential fell below 
a certain critical value cease almost entirely to lose it. 
This is what actually occurs. Despite the erroneousness 
of this idea, it persisted in textbooks written as late as 
1900. 

Warburg in 1872 experimented anew on air leakage 
and was incUned to attribute it all to dust particles. The 
real explanation of gas conduction was not found until 
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after the discovery of X-rays in 1895. The convincing 
experiments were made by J. J. Thomson, or at his 
instigation in the Cavendish Laboratory at Cambridge, 
England. The new work grew obviously and simply out 
of the fact that X-rays, and a year or two later radium, 
rays, were found to discharge an electroscope, i.e., to 
produce conductivity in a gas. Theretofore no agencies 
had been known by which the electrical conductivity of 
a gas could be controlled at will. 

Thomson and his pupils found that the conductivity 
induced in gases by X-rays disappeared when the gas was 
sucked through glass wooL^ It was also found to be 
reduced when the air was drawn through narrow metal 
tubes. Furthermore, it was removed entirely by passing 
the stream of conducting gas between plates which were 
maintained at a sufi&ciently large potential difference. 
The first two experiments showed that the conduc- 
tivity was due to something which could be removed 
from the gas by filtration, or by diffusion to the walls of 
a metal tube; the last proved that this something was 
electrically charged. 

When it was found, further, that the electric cur- 
rent obtained from air existing between two plates 
and traversed by X-rays rose to a maximum as 
the P.D. between the plates increased, and then 
reached a value which was thereafter independent of this 
potential difference; and, further, that this conductivity 
of the air died out slowly through a period of several 
seconds when the X-ray no longer acted, it was evident 
that the qualitative proof was complete that gas con- 
duction must be due to charged particles produced in the 

^ J. J. Thom.'^on and E. Rutherford, Phil, Mag,, XLTI (1896), 302. 
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air at a definite rate by a constant source of X-rays, 
and that these charged particles, evidently of both plus 
and minus signs, disappear by recombination when the 
rays are removed. The maximum or saturation currents 
which could be obtained when a given source was ionizing 
the air between two plates whose potential difference 
could be varied were obviously due to the fact that when 
the electric field between the plates became strong enough 
to sweep all the ions to the plates as fast as they were 
formed, none of them being lost by diffusion or recom- 
bination, the current obtained could, of course, not be 
increased by further increase in the field strength. Thus 
gas conduction was definitely shown about 1896 to be 
electrolytic in nature. 

IV. COMPARISON OF THE GASEOUS ION AND THE 
ELECTROLYTIC ION 

But what sort of ions were these that were thus 
formed? We did not know the absolute value of the 
charge on a univalent ion in electrolysis, but we did 
know accurately ne. Could this be found for the ions 
taking part in gas conduction ? That this question was 
answered aflirmatively was due to the extraordinary 
insight and resourcefulness of J. J, Thomson and his 
pupils at the Cavendish Laboratory in Cambridge, both 
in working out new theoretical relations and in devising 
new methods for attacking the new problems of gaseous 
conduction. These workers found first a method of 
expressing the quantity ne in terms of two measurable 
constants, called (i) the mobility of gaseous ions and 
(2) the coefficient of diffusion of these ions. Secondly, 
they devised new methods of measuring these two 
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constants — constants which had never before been deter- 
mined. The theory of the relation between these con- 
stants and the quantity ne will be found in Appendix A. 
The result is 

( 3 ) 

in which P is the pressure existing in the gas and % and 
D are the mobility and the diffusion coefficients respec- 
tively of the ions at this pressure. 

If then we can find a way of measuring the mobilities 
Vo of atmospheric ions and also the diffusion coefficients 
D, we can find the quantity ne, in which w is a mere num- 
ber, viz., the number of molecules of air per cubic centi- 
meter at 1 5° C., 76 cm. pressure, and e is the average 
charge on an atmosphere ion. We shall then be in posi- 
tion to compare this with the product we found in (2) on 
p. 31, in which n had precisely the same significance as 
here, but e meant the average charge carried by a uni- 
valent ion in electrolysis. 

The methods devised in the Cavendish Laboratory 
between 1897 and 1903 for measuring the mobilities and 
the diffusion coefficients of gaseous ions have been used 
in most later work upon these constants. The mobilities 
were first determined by Rutherford in 1897,' then more 
accurately by another method in 1898.’ Zeleny devised 
a quite distinct method in 1900,* and Langevin still 
another method in 1903.'' These observers all agree 
closely in finding the average mobility (velocity in unit 

■ pm. Mag., XLIV (1898), 422. 

® Proc, Camb. PhiL Soc.^ IX, 401. 

3 Phil, Trans. f A 195, p. 193. 

4 Annak de Chimie et de Physique^ XXVIII, 289. 
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field) of the negative ion in dry air about 1.83 cm. per 
second, while that of the positive ion was found but 
1.35 cm. per second. In hydrogen these mobilities were 
about 7.8 cm. per second and 6.1 cm. per second, respec- 
tively, and in general the mobilities in different gases, 
though not in vapors, seem to be roughly in the inverse 
ratio of the square roots of the molecular weights. 

The diffusion coefficients of ions were first measured 
in X900 by Townsend, now professor of physics in Oxford, 
England,* by a method devised by him and since then 
used by other observers in such measurements. If we 
denote the diffusion coefficient of the positive ion by 
/)+• and that of the negative by D— , Townsend^s results 
in dry air may be stated thus: 

D-\- =0.028 

£>-=0.043. 

These results are interesting in two respects. In the 
first place, they seem to show that for some reason the 
positive ion in air is more sluggish than the negative, 
since it travels but about 0.7 (=1.35/1.81) as fast in a 
given electrical field and since it diffuses through air but 
about 0.7 ( = 28/43) rapidly. In the second place, 
tlie results of Townsend show that an ion is very much 
more sluggish than is a molecule of air, for the coefficient 
of diffusion of oxygen through air is 0.178, which is four 
times the rate of diffusion of the negative ion through 
air and five times that of the posi five ion. This sluggish- 
ness of ions as compared with molecules was at first uni- 
versally considered to mean that the gaseous ion is not 
a single molecule with an attached electrical charge, but 

' Phil, Trans. ^ A 193, p. 129. 
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a cluster of perhaps from three to twenty molecules held 
together by such a charge. If this is the correct inter- 
pretation, then for some reason the positive ion in air 
is a larger cluster than is the negative ion. 

It has been since shown by a number of observers 
that the ratio of the mobilities of the positive and nega- 
tive ions is not at all the same in other gases as it is in 
air. In carbon dioxide the two mobilities have very 
nearly the same value, while in chlorine, water vapor, 
and the vapor of alcohol the positive ion apparently 
has a slightly larger mobility than the negative. There 
seems to be some evidence that the negative ion has 
the larger mobility in gases which are electro-positive, 
while the positive has the larger mobility in the gases 
which are strongly electro-negative. This dependence 
of the ratio of mobilities upon the electro-positive or 
electro-negative character of the gas has usually been 
considered strong evidence in favor of the large cluster- 
ion theory as developed especially by J. J. Thomson. 

More recently, however, Loeb,* who has worked for 
years on mobilities in both strong and weak electric 
fields, and Wellish,"* who, at Yale, measured mobilities at 
very low pressures, concluded that their results were not 
consistent with this form of cluster-ion theory. They pre- 
ferred to interpret them in terms of the so-called Atom- 
ion Theory. This theory seeks to explain the relative 
sluggishness of ions, as compared with molecules, by 
the additional resistance which the gaseous medium 
offers to the motion of a molecule through it when that 

T.eonard B. Loeb, Froc. Nat. Acad., 11 (1916), 345, mid Phys. 
Rev., 1917. See especially Fhys. Rev., XXXVIII (1931)) 549- 

^ Wellish, Amer. Jour, of Science, XXXIX (1915), 583. 
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molecule is electrically charged. According to this hypoth- 
esis^ the ion would be simply an electrically charged molecule. 

This second way of accounting for the sluggishness of 
ions is probably in the main correct, though the atom- 
ion theory was too extreme in reducing the ion to one 
single molecule. Loeb himself^ now explains the differ- 
ence in the mobilities of positive and negative ions by the 
assumption that the positive charge forms a different 
“small ion’’ group from the negative by attaching itself 
to a different kind of molecular impurity. 

Furthermore, Erikson,^ Wahlin,^ and Loeb' have ap- 
parently shown quite conclusively that if the mobility of 
the positive ion in air is measured within .03 second of 
the time of its formation, its value is identical with that 
of the negative, namely, 1.8 cm. per second, while a short 
time thereafter it has sunk to about 1.4 cm. per second 
because of the addition of one more molecule, thus form- 
ing a very stable two-molecule-ion-group. 

Fortunately, the quantitative evidence for the elec- 
trolytic nature of gas conduction is in no way dependent 
upon the correctness of either one of the theories as to 
the nature of the ion. It depends simply upon the com- 
parison of the values of ne obtained from electrolytic 
measurements, and those obtained from the substitution 
in equation (3) of the measured values of Vo and D for 
gaseous ions. 

As for these measurements, results obtained by 
Franck and Westphal,^ who in 1908 repeated in Berlin 

* L. B. Loeb, Phys. Rev., XXXVIII (1931), 1716. 

» H. A. Erikson, ibid., XX (1922), 118. 

3 H. B, Wahlin, ibid., p. 267. 

^ Verh. der deutsch. phys. Ges., XI (1909), 146 and 276. 
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both measurements on diffusion coefficients and mobility 
coefficients, agree within 4 or 5 per cent with the results 
published by Townsend in 1900. According to both of 
these observers, the value of ne for the negative ions pro- 
duced in gases by X-rays, radium rays, and ultra-violet 
light came out, within the limits of experimental error, 
which were presumably 5 or 6 per cent, the same as the 
value found for univalent ions in solutions, namely, 
1.23X10^® absolute electrostatic units. This result 
seems to show with considerable certainty that the 
negative ions in gases ionized by X-rays or similar 
agencies carry on the average the same charge as that 
borne by the univalent ion in electrolysis. When we 
consider the work on the positive ion, our confidence in 
the inevitableness of the conclusions reached by the 
methods under consideration is perhaps somewhat 
shaken. For Townsend found that the value of ne for 
the positive ion came out about 14 per cent higher than 
the value of this quantity for the univalent ion in elec- 
trolysis, a result which he does not seem at first to have 
regarded as inexplicable on the basis of experimental 
uncertainties in his method. In 1908, however,’^ he 
devised a second method of measuring the ratio of the 
mobility and the diffusion coefficient and obtained this 
time, as before, for the negative ion, = 1.23X10*®, but 
for the positive ion twice that amount, namely, 2.46 X 10*®. 
From these last experiments he concluded that the 
positive ions in gases ionized by X-rays carried on the 
average twice the charge carried by the univalent ion in 
electrolysis. Franck and Westphal, however, found in 
their work that Townsend^s original value for ne for the 
* Pw. Roy, Soc,, LXXX (1908), 207. 
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positive ions was about right, and hence concluded that 
only about 9 per cent of the positive ions could carry a 
charge of value 2e. Work which will be described later 
indicates that neither Townsend’s nor Franck and West- 
phal’s conclusions are correct, and hence point to errors 
of some sort in both methods. But despite these diffi- 
culties with the work on positive ions, it should neverthe- 
less be emphasized that Townsend was the first to bring 
forward strong quantitative evidence (i) that the mean 
charge carried by the negative ions in ionized gases 
is the same as the mean charge carried by univalent 
ions in solutions, and (2) that the mean charge carried 
by the positive ions in gases has not far from the same 
value. 

But there is one other advance of fundamental impor- 
tance which came with the study of the properties of 
gases ionized by X-rays. For up to this time the only 
type of ionization known was that observed in solution 
and here it is always some compound molecule like 
sodium chloride (NaCl) which splits up spontaneously 
into a positively charged sodium ion and a negatively 
charged chlorine ion. But the ionization produced in 
gases by X-rays was of a wholly different sort, for it was 
‘ observable in pure gases like nitrogen or oxygen, or even in 
monatomic gases like argon and helium. Plainly, then, 
the neutral atom even of a monatomic substance must 
possess minute electrical charges as constituents. Here 
we had the first direct evidence (i) that an atom is a 
complex structure, and (2) that electrical charges enter 
into its make-up. With this discovery^ due directly to the 
use of the new agency^ X-rays^ the atom as an ultimate, 
indivisible thing was gone^ and the era of the study of the 
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constituents of the atom began. And with astonishing 
rapidity during the past thirty-five years the properties 
of the subatomic world have been revealed. 

Physicists began at once to seek diligently and to find 
at least partial answers to questions like these : 

1. What are the masses of the constituents of the 
atoms torn asunder by X-rays and similar agencies ? 

2. What are the values of the charges carried by 
these constituents ? 

3. How many of these constituents are there ? 

4. How large are they, i.e., what volumes do they 
occupy ? 

5. What are their relations to the emission and 
absorption of light and heat waves, i.e., of electromag- 
netic radiation ? 

6. Do all atoms possess similar constituents? In 
other words, is there a primordial subatom out of which 
atoms are made ? 

The partial answer to the first of these questions came 
with the study of the electrical behavior of rarefied gases 
in so-called vacuum tubes. 

This field had been entered and qualitatively explored 
with amazing insight as early as 1879 by Sir William 
Crookes, who in describing in that year some of his 
experiments said: 

The phenomena in these exhausted tubes reveal to physical 
science a new world — a world where matter exists in a fourth 

state In studying this fourth state of matter we seem 

at length to have within our grasp and obedient to our control tne 
little indivisible particles which with good warrant are supposed 
to constitute the physical basis of the universe.* 

* Fournier d’Albe, Life of Sir William Crookes, 1924. 
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Further, by 1890 Sir Arthur Schuster^ had gone a 
step farther and shown how the ratio of the charge to 

the mass|^~jof these same hypothetical particles might 

be determined. Indeed he had experimentally evaluated 
this ratio, obtaining, however, a value very much too 
small, namely, electromagnetic units. 

But it was J. J. Thomson* who in 1897 first introduced 
a more reliable method of determining this ratio, namely, 
one which combines a measurement of the magnetic 
deflectability of a beam of cathode rays with the electro- 
static deflectability of the same beam. The value which 
he obtained, namely, 7X10* electromagnetic units, was 

nearly a thousand times the value of ^ for the hydrogen 

ion in solutions. Also since the approximate equality of ne 
in gases and solutions meant that e was at least of the same 
order in both, the only possible conclusion was that the 
negative ion which appears in discharges in exhausted 
tubes has a mass, i.e., an inertia, only one-thousandth 
of the mass of the lightest-known atom, namely, the 
atom of hydrogen. Later more accurate experiments 

g 

have fixed the correct value of for cathode rays at 

m 

1-7573 X 10^ electromagnetic units.^>^ 

Furthermore, J. J. Thomson and after him other 

experimenters showed that — for the negative carrier is 

m 

always the same whatever be the nature of the residual 
gas in the discharge tube. This was an indication of 
an affirmative answer to the sixth question above — an 
* Proc. Roy. Soc., XL (1890), 526. = Phil Ma^., XLIV (1897), 298. 

3 Houston, Phys. Rev., XLV (1934), 104. 

4 Dunnington, ibid., XLIII (1933), 404. 
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indication which was strengthened by Zeeman’s discovery 
in 1897 splitting by a magnetic field of a single 

spectral line into two or three lines; for this, when worked 
out quantitatively, pointed to the existence within the 
atom of a negatively charged particle which had approxi- 

Q 

mately the same value of — . 

m 

The study of ~ for the positive ions in exhausted tubes 

was first carried out quantitatively by Wien,^ and was 
later most elaborately and most successfully dealt with by 
J. J. Thomson"* and his pupils at the Cavendish Labora- 
tory. The results of the work of all observers up to 
date shows that with the exceptions considered in chapter 

€f • * 

xiv — for a positive ion in gases is never larger than its 

m 

value for the hydrogen ion in electrolysis, and that it 
varies with different sorts of residual gases just as it is 
found to do in electrolysis. 

In a word, then, the act of ionization in gases appears 
to consist in the detachment from a neutral atom of one 
or more negatively charged particles, called by Thomson 
corpuscles. The residuum of the atom is of course posi- 
tively charged, and it always carries practically the 
whole mass of the original atom. The detached cor- 
puscle must soon attach itself, in a gas at ordinary pres- 
sure, to a neutral atom, since otherwise we could not 
account for the fact that the mobilities and the diffusion 
coefficients of negative ions are usually of the same order 
of magnitude as those of the positive ions. It is because 
of this tendency of the parts of the dissociated atom to 

* W. Wien, Wied, Ann., LXV (1898), 440. 

* Rays of Positive Electricity. London: Longmans, 1913. 
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form new attachments in gases at ordinary pressure that 
the inertias of these parts had to be worked out in the 
rarefied gases of exhausted tubes. 

The foregoing conclusions as to the masses of the 
positive and negative constituents of atoms had all been 
reached before 1900, mostly by the workers in the 
Cavendish Laboratory, and subsequent investigation has 
not modified them in any essential particulars. 

The history of the development of our present knowl- 
edge of the charges carried by the constituents will be 
detailed in the next chapters. 



CHAPTER III 


EARLY ATTEMPTS AT THE DIRECT DETER- 
MINATION OF e 

Although the methods sketched in the preceding 
chapters had been sufficient to show that the mean 
charges carried by ions in gases are the same or nearly 
the same as the mean charges carried by univalent ions 
in solution, in neither case had we any way of determin- 
ing what the absolute value of that mean charge is, nor, 
indeed, had we any proof even that all tlie ions of a given 
kind, e.g., silver or hydrogen, carry the same charge. Of 
course, the absolute value of e could be found from the 
measured value of ne if only n, the number of molecules 
in I c.c. of gas under standard conditions, were known. 
But we had only rough guesses as to this number. These 
guesses varied tenfold, and none of them were based 
upon considerations of recognized accuracy or even 
validity. 

L Townsend’s work on e 

The first attempt at a direct determination of e was 
published by Townsend in a paper read before the 
Cambridge Philosophical Society on February 8, 1897.* 
Townsend’s metliod was one of much novelty and of no 
little ingenuity. It is also of great interest because it 
contains all the essential elements of some of the sub- 
sequent determinations. 

^Proceedings^ IX (1897), 244, 
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It had been known, even to Laplace and Lavoisier a 
hundred years before, that tlie hydrogen gas evolved 
when a metal dissolves in an acid carries with it an elec- 
trical charge. This ^‘natural method’’ of obtaining a 
charge on a gas was scarcely studied at all, however, 
until after the impulse to the study of the electrical 
properties of gases had been given by the discovery in 
1896 that electrical properties can be artificially imparted 
to gases by X-rays. Townsend’s paper appeared within 
a year of that time. Enright* had indeed found that 
the hydrogen given off when iron is dissolving in sulphuric 
acid carries with it a positive charge, but Sir Oliver 
Lodge"* had urged that it was not the gas itself which 
carries the charge but merely the spray, for the frictional 
electrification of spray was a well-known phenomenon. 
Indeed, it has always been assumed that the gas mole- 
cules which rise from the electrodes in electrolysis are 
themselves neutral. Townsend, however, first showed 
that some of these molecules are charged, although there 
are indeed a million million neutral ones for every one 
carrying a charge. He found that both the oxygen and 
the hydrogen which appear at the opposite electrodes 
when sulphuric acid is electrolyzed are positively charged, 
while when the electrolyte is caustic potash both the oxy- 
gen and the hydrogen given off are negative. Townsend’s 
electrolyzing currents were from 12 to 14 amperes. He 
got in this way many more ions per cubic centimeter 
than he could produce with X-rays, the total charge 
per cubic centimeter being as large as 5X10“^ electro- 
static units. 

* Phil, Mag,, XXIX (1890; 5tli series), 56. 

^Ibid., p. 292; Nature, XXXVI, 412, 
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When these charged gases were bubbled through 
water they formed a cloud. This cloud could be com- 
pletely removed by bubbling through concentrated sul- 
phuric acid or any drying agent, but when the gas came 
out again into the atmosphere of the room it again con- 
densed moisture and formed a stable cloud. Townsend 
says that ^Hhe process of forming the cloud in positive 
or negative oxygen by bubbling through water, and 
removing it again by bubbling through sulphuric acid, 
can be gone through without losing more than 20 or 2 5 
per cent of the original charge on the gas.” This means 
simply that the ions condense the water about them 
when there is an abundance of moisture in the air, but 
when the cloud is carried into a perfectly dry atmos- 
phere, such as that existing in a bubble surrounded on 
all sides by concentrated sulphuric acid, the droplets of 
water evaporate and leave the charge on a molecule of 
air as it was at first. The 20 or 25 per cent loss of charge 
represents the fraction of the droplets with their charges 
which actually got into contact with and remained in the 
liquids through which the gas was being bubbled. 

In order to find the charge on each ion, Townsend 
took the following five steps: 

1. He assumed that in saturated water vapor each 
ion condensed moisture about it, so that the number of 
ions was the same as tlie number of droplets. 

2. He determined witli the aid of a quadrant elec- 
trometer the total electrical charge per cubic centimeter 
carried by tlie gas. 

3. He found the total weight of the cloud by passing 
it through drying tubes and determining the increase in 
weight of tliese tubes. 
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4. He found the average weight of the water droplets 
constituting the cloud by observing their rate of fall 
under gravity and computing their mean radius with 
the aid of a purely theoretical law known as Stokes’s 
Law. 

5. He divided the weight of the cloud by the average 
weight of the droplets of water to obtain the number of 
droplets which, if assumption i is correct, was the number 
of ions, and he then divided the total charge per cubic 
centimeter in the gas by the number of ions to find the 
average charge carried by each ion, that is, to find e. 

A brief description of the way in which these experi- 
ments were carried out is contained in Appendix B. 

One of the interesting side results of this work was 
the observation that clouds from negative oxygen fall 
faster than those from positive oxygen, thus indicating 
that the negative ions in oxygen act more readily than 
do the positive ions as nuclei for the condensation of 
water vapor. This observation was made at about the 
same time in another way by C. T. R. Wilson,"" also in the 
Cavendish Laboratory, and it has played a rather impor- 
tant r 61 e in subsequent work. Wilson’s discovery was 
that when air saturated with water vapor is ionized by 
X-rays from radioactive substances and then cooled 
by a sudden expansion, a smaller expansion is required 
to make a cloud form about the negative than about the 
positive ions. Thus when the expansion increased the 
volume in a ratio between 1,25 and 1.3, only negative 
ions acted as nuclei for cloudy condensation, while with 
expansions greater than i . 3 both negatives and positives 
were brought down. 

* Proc. Camb, Phil, Soc., IX (1897), 333 
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Townsend first obtained by the foregoing method, 
when he worked with positive oxygen, 

e=2 .8Xio~^° electrostatic units, 
and when he worked with negative oxygen, 
e=3 . 1 X electrostatic units. 

In later experiments^ he obtained 2.4 and 2.9, respec- 
tively, in place of the numbers given above, but in view 
of the unavoidable errors, he concluded that the two 
charges might be considered equal and approximately 
3X10“*° electrostatic units. Thus he arrived at about 
the same value for e as that which was then current be- 
cause of tlie kinetic theory estimates of n, the number of 
molecules in a cubic centimeter of a gas. 

The weak points in this first attempt at a direct 
detemiination of e consisted in: (i) the assumption that 
the number of ions is the same as the number of drops; 
(2) the assumption of Stokes’s Law of Fall which had 
never been tested experimentally, and which from a 
theoretical standpoint might be expected to be in error 
when the droplets were small enough; (3) the assump- 
tion that the droplets were all alike and fell at a uniform 
rate wholly uninfluenced by evaporation or otlier causes 
of change; (4) the assumption of no convection currents 
in the gas when the rate of fall of the cloud was being 
measured. 

11. sin JOSEPH THOMSON’S WORK ON 6 

This first attempt to measure e was carried out in Pro- 
fessor J. J. Thomson’s laboratory. The second attempt 
was made by Professor Thomson himself by a method 

» IhU,, p. 545 . 

» nu, Mag,, XLVI (1898), 52S. 
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which resembled Townsend’s very closely in all its essen- 
tial particulars. Indeed, we may set down for Professor 
Thomson’s experiment precisely the same five elements 
which are set down on p. 47 for Townsend’s. The differ- 
ences lay wholly in step 2, that is, in the way in which 
the electrical charge per cubic centimeter carried by the 
gas was determined, and in step 3, that is, in the way 
in which the total weight of the cloud was obtained. 
Thomson produced ions in the space A (Fig. i) by an 
X-ray bulb which ran at a constant rate, and measured 
first the current which, under the influence of a very weak 
electromotive force £, flows through A between the sur- 
face of the water and the aluminum plate which closes 
the top of the vessel. Then if n' is the whole number of 
ions of one sign per cubic centimeter, u the velocity of 
the positive and v that of the negative ion under unit 
electric force, i.e., if u and v are the mobilities of the posi- 
tive and negative ions, respectively, then the current 1 
per unit area is evidently given by 

I=n^e{u+v) E (4) 

I and E were easily measured in any experiment; 
u+v was already known from Rutherford’s previous 
work, so that the charge of one sign per cubic centi- 
meter of gas under the ionizing action of a constant 
source of X-rays, could be obtained at once from (4). 
This then simply replaces Townsend’s metliod of obtain- 
ing the charge per cubic centimeter on the gas, and in 
principle the two methods are quite the same, tlie differ- 
ence in experimental arrangements being due to the fact 
that Townsend’s ions are of but one sign while Thom- 
son’s are of both signs. 
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Having tlius obtained n'e of equation (4), Thomson 
had only to find n' and then solve for e. To obtain n' 
he proceeded exactly as Townsend had done in letting 
the ions condense droplets of water about them and 
weighing the cloud thus formed. But in order to form 
the cloud, Thomson utilized C. T. R. Wilson’s discovery 



just touched upon above, that a sudden expansion and 
consequent cooling of the air in A (Fig. i) would cause 
the ions in A to act as nuclei for the formation of water 
droplets. To produce this expansion tlie piston P is 
suddenly pulled down so as to increase the volume of the 
space above it. A cloud is thus formed about the ions 
in A. Instead of measuring the weight of this cloud 
directly, as Townsend had done, Thomson computed it 
by a theoretical consideration of the amount of cooling 
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produced by the expansion and the known difference 
between the densities of saturated water vapor at the 
temperature of tlie room and the temperature resulting 
from the expansion- This method of obtaining the 
weight of the cloud was less direct and less reliable than 
that used by Townsend, but it was the only one avail- 
able with Thomson’s method of obtaining an ionized gas 
and of measuring the charge per cubic centimeter on that 
gas. The average size of the droplets was obtained pre- 
cisely as in Townsend’s work by applying Stokes’s Law 
to the observed rate of fall of the top of the cloud in 
chamber A. 

The careful consideration of Thomson’s experiment 
shows that it contains the theoretical uncertainties 
involved in Townsend’s work, while it adds some very 
considerable experimental uncertainties. The most seri- 
ous of the theoretical uncertainties arise from (i) the 
assumption of Stokes’s Law, and (2) the assumption that 
the number of ions is equal to the number of droplets. 
Both observers sought for some experimental justification 
for the second and most serious of these assumptions, but 
subsequent work by H. A. Wilson, by Quincke, and 
by myself has shown that clouds formed by C. T. R. 
Wilson’s method consist in general of droplets some of 
which may carry one, some two, some ten, or almost any 
number of unit charges, and I have never been able, 
despite quite careful experimenting, to obtain conditions 
in which it was even approximately true that each 
droplet carried but a single unit charge. Quincke has 
also published results from which he arrives at the 
same conclusion. 

^ Verk. der dmtsch, fhys. Ges., XVI (1914), 422. 
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Again, when we compare the experimental uncer- 
tainties in Townsend’s and Thomson’s methods, it is at 
once obvious that the assumption that the clouds are not 
evaporating while the rate of fall is being determined is 
even more serious in Thomson’s experiment than in 
Townsend’s, for the reason that in the former case the 
clouds are formed by a sudden expansion and a conse- 
quent fall in temperature, and it is certain that during 
the process of the return of the temperature to initial 
conditions the droplets must be evaporating. Further- 
more, this sudden expansion makes the likelihood of the 
existence of convection currents, which would falsify 
the computations of the radius of the drop from the ob- 
served rate of fall, more serious in Thomson’s work than 
in Townsend’s. The results which Thomson attained 
in different experiments gave values ranging from 
5.5X10"*® to 8.4X10"*®. He published as his final 
value 6 . 5X 10"*®. In 1903, however,* he published some 
new work on e in which he had repeated the determina- 
tion, using the radiation from radium in place of that 
from X-rays as his ionizing agent and obtained tlie result 
^=3.4X10"*®. He explained the difference by the 
assumption that in his preceding work the more active 
negative ions had monopolized the aqueous vapor avail- 
able and that the positive ions had not been brought 
down with the cloud as he had before assumed was tlie 
case. He now used more sudden expansions than he 
had used before, and concluded that the assumption 
made in the earlier experiments that the number of ions 
was equal to tlie number of particles, although shown to 
be incorrect for the former case, was correct for these 
* Phil, Mag.^ V (1903; 6th series), 354. 



54 


THE ELECTRON 


second experiments. As a matter of fact, if he had 
obtained only half tlie ions in tlie first experiments and 
all of them in the second, his second result should have 
come out approximately one-half as great as the first, 
which it actually did. Although Thomson's experiment 
was an interesting and important modification of Town- 
send^s, it can scarcely be said to have added greatly 
to the accuracy of our knowledge of e. 

The next step in advance in the attempt at the deter- 
mination of e was made in 1903 by H. A. Wilson,* also 
in the Cavendish Laboratory. 

III. H. A. Wilson’s method 

Wilson’s modification of Thomson’s work consisted in 
placing inside the chamber A two horizontal brass plates 
3^ cm. in diameter and from 4 to 10 mm. apart and con- 
necting to these plates the terminals of a 2,000-volt 
battery. He then formed a negative cloud by a sudden 
expansion of amount between 1.25 and 1.3, and 
observed first the rate of fall of the top surface of this 
cloud between tlie plates when no electrical field was 
on; then he repeated the expansion and observed the 
rate of fall of the cloud when the electrical field as well 
as gravity was driving the droplets downward. If mg 
represents the force of gravity acting on the droplets in 
the top surface of the cloud and mg+Fe the force of 
gravity plus the electrical force arising from the action 
of the field F on the charge e, and if Vt is the velocity 
of fall under the action of gravity alone, and % the 
velocity when both gravity and the electrical field are 
acting, then, if the ratio between the force acting and 

^ Op . cit ., p. 429. 
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the velocity produced is the same when the particle is 
charged as when it is uncharged, we have 


mg _Vi 
mg+Fe V2 


(5) 


Combining this with the Stokes’s Law equation which 
runs 


^ _2 ga^cr 


9 V 


..( 6 ) 


in which a is the radius, a the density, Vx the velocity of 
the drop under gravity g, and rj is the viscosity of the air, 
and then eliminating m by means of 

m=^Tra^<r ( 7 ) 


Wilson obtained after substituting for y] and a the appro- 
priate values (not accurately known, it is true, for 
saturated air at the temperature existing immediately 
after the expansion), 

6=3.iXio~*» j{v2-Vx)vl (8) 


Wilson’s method constitutes a real advance in that it 
eliminates the necessity of making the very awkward 
assumption that the number of droplets is equal to the 
number of negative ions, for since he observes only the 
rate of fall of the top of the cloud, and since the more 
heavily charged droplets will be driven down more 
rapidly by the field than the less heavily charged ones, 
his actual measurements would always be made upon 
the least heavily charged droplets. All of the other dif- 
ficulties and assumptions contained in either Town- 
send’s or Thomson’s experiments inhere also in Wilson’s, 
and in addition one fresh and rather serious assumption 
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is introduced, namely, that the clouds formed in succes 
sive expansions are identical as to size of droplets. Foi 
we wrote down the first equation of Wilson^s method as 
though the Vj, and were measurements made upon 
the same droplet, when as a matter of fact the measure- 
ments are actually made on wholly different droplets. 
I have myself found the duplication of cloud conditions 
in successive expansions a very uncertain matter. 
Furthermore, Wilson^s method assumes uniformity in the 
field between the plates, an assumption which might be 
quite wide of the truth. 

Although the elimination of the assumption of 
equality of the number of droplets and the number of 
ions makes Wilson’s determination of e more reliable as 
to method than its predecessors, the accuracy actually 
attained was not great, as can best be seen from his own 
final summary of results. He made eleven different 
determinations which varied from e==2Xio‘“*° to 
6=4.4X10”^°. His eleven results are: 



In 1906, being dissatisfied with the variability of these 
results, the author repeated Wilson’s experiment without 
obtaining any greater consistency than that which the 
latter had found. Indeed, the instability, distortion, and 
indefiniteness of the top surface of the cloud were some- 
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what disappointing, and the results were not considered 
worth publishing. Nevertheless, it was concluded from 
these observations that the accuracy might be improved 
by using radium instead of X-rays for the ionizing agent, 
by employing stronger electrical fields, and thus increas- 
ing the difference between Vt and which in Wilson^s 
experiment had been quite small, and by observing the 
fall of the cloud through smaller distances and shorter 
times in order to reduce the error due to the evapora- 
tion of the cloud during the time of observation. 
Accordingly, a 4,000-volt storage battery was built and 
in the summer of 1908 Mr. Begeman and the author, 
using radium as the ionizing agent, again repeated the 
experiment and published some results which were some- 
what more consistent than those reported by Wilson.^ 
We gave as the mean of ten observations which varied 
from 3 . 66 to 4.37 the value e= 4 .o 6 X io~^®. We stated 
at the time that although we had not eliminated alto- 
gether the error due to evaporation, we thought that we 
had rendered it relatively harmless, and that our final 
result, although considerably larger than either Wilson^s 
or Thomson’s (3.1 and 3.4, respectively), must be con- 
sidered an approach at least toward the correct value. 

rV. THE BALANCED-DROP METHOD 

Feeling, however, that the amount of evaporation of 
the cloud was still a quite unknown quantity, I next 
endeavored to devise a way of eliminating it entirely. 
The plan now was to use an electrical field which was 
strong enough, not merely to increase or decrease slightly 
the speed of fall under gravity of the top surface of the 

* Phys. Rev., XXVT (tqoS), 198. 
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cloud, as had been done in all the preceding experiments, 
but also sufficiently strong to hold the top surface of the 
cloud stationary, so that the rate of its evaporation could 
be accurately observed and allowed for in the computa- 
tions. 

This attempt, while not successful in the form in 
which it had been planned, led to a modification of the 
cloud method which seemed at the time, and which has 
actually proved since, to be of far-reaching importance. 
It made it for the first time possible to make all the measure- 
ments on individual droplets^ and thus not merely to 
eliminate ultimately all of the questionable assumptions 
and experimental uncertainties involved in the cloud 
method of determining e, but, more important stiU., it 
made it possible to examine the properties of individual 
isolated electrons and to determine whether different 
ions actually carry one and the same charge. That is 
to say, it now became possible to determine whether 
electricity in gases and solutions is actually built up out 
of electrical atoms, each of which has exactly the same 
value, or whether the electron which had first made its 
appearance in Faraday’s experiments on solutions and 
then in Townsend’s and Thomson’s experiments on gases 
is after all only a statistical mean of charges which are 
themselves greatly divergent. This latter view had been 
strongly urged up to and even after the appearance of 
the work which is now under consideration. It will be 
given further discussion presently. 

The first determination which was made upon the 
charges carried by individual droplets was carried out 
in the spring of 1909. A report of it was placed upon 
the program of the British Association meeting at Winni- 
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peg in August, 1909, as an additional paper, was printed 
in abstract in the Physical Review for December, 1909, 
and in full in the Philosophical Magazine for February, 
1910, under the title ''A New Modification of the Cloud 
Method of Determining the Elementary Electrical 
Charge and the Most Probable Value of That Charge. 
The following extracts from that paper show clearly what 
was accomplished in this first determination of the 
charges carried by individual droplets. 

THE BALANCING OF INDIVIDUAL CHARGED DROPS BY AN 
ELECTROSTATIC FIELD 

My original plan for eliminating the evaporation error was to 
obtain, if possible, an electric field strong enough exactly to balance 
the force of gravity upon the cloud and then by means of a sliding 
contact to vary the strength of this field so as to hold the cloud 
balanced throughout its entire life. In this way it was thought 
that the whole evaporation-histoiy of the cloud might be recorded, 
and that suitable allowances might then be made in the observa- 
tions on the rate of fall to eliminate entirely the error due to 
evaporation. It was not found possible to balance the cloud, as 
had been originally planned, but it was found possible to do some- 
thing much better: namely, to hold individual charged drops sus- 
pended by the field for periods varying from 30 to 60 seconds. 
I have never actually timed drops which lasted more than 45 
seconds, although I have several times observed drops which in 
my judgment lasted considerably longer than this. The drops 
which it was found possible to balance by an electrical field always 
carried multiple charges, and the difficulty experienced in balan- 
cing such drops was less than had been anticipated. 

The procedure is simply to form a cloud and throw on the 
field immediately thereafter. The drops which have charges of 
the same sign as that of the upper plate or too weak charges of the 
opposite sign rapidly fall, while those which are charged with too 
many multiples of the sign opposite to that of the upper plate are 

* Phil, Mag.^ XIX (1910), 209. 
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jerked up against gravity to this plate. The result is that after 
a lapse of 7 or 8 seconds the field of view has become quite clear 
save for a relatively small number of drops which have just the 
right ratio of charge to mass to be held suspended by the electric 
field. These appear as perfectly distinct bright points. I have 
on several occasions obtained but one single such ‘‘star’* in the 
whole field and held it there for nearly a minute. For the most 
part, however, the observations recorded below were made with 
a considerable number of such points in view. Thin, flocculent 
clouds, the production of which seemed to be facilitated by keep- 
ing the water-jackets Jt and J2 (Fig. 2) a degree or two above the 
temperature of the room, were found to be particularly favorable 
to observations of this kind. 

Furthermore, it was found possible so to vary the mass of a 
drop by varying the ionization, that drops carrying in some cases 
two, in some three, in some four, in some five, and in some six, 
multiples could be held suspended by nearly the same field. The 
means of gradually varying the field which had been planned were 
therefore found to be unnecessary. If a given field would not 
hold any drops suspended it was varied by steps of 100 or 200 
volts until drops were held stationary, or nearly stationary. When 
the P.D. was thrown ofi it was often possible to see different drops 
move down under gravity with greatly different speeds, thus show- 
ing that these drops had different masses and correspondingly 
different charges. 

The life-history of these drops is as follows: If they are a 
little too heavy to be held quite stationary by the field they begin 
to move slowly down under gravity. Since, however, they slowly 
evaporate, their downward motion presently ceases, and they 
become stationary for a considerable period of time. Then the 
field gets the better of gravity and they move slowly upward. 
Toward the end of their life in the space between the plates, this 
upward motion becomes quite rapidly accelerated and they are 
drawn with considerable speed to the upper plate. This, taken 
in connection with the fact that their whole life between plates 
only 4 or 5 mm. apart is from 35 to 60 seconds, will make it obvious 
that during a very considerable fraction of this time their motion 
must be exceedingly slow. I have often held drops through a 
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period of from lo to 15 seconds, during which it was impossible to 
see that they were moving at all. Shortly after an expansion I 
have seen drops which at first seemed stationary, but which then 
began to move slowly down in the direction of gravity, then become 
stationary again, then finally began to move slowly up. This is 
probably due to the fact that large multiply charged drops are not 
in equilibrium with smaller singly charged drops near them, and 
hence, instead of evaporating, actually grow for a time at the 
expense of their small neighbors. Be this as it may, however, it 
is by utilizing the experimental fact that there is a considerable 
period during which the drops are essentially stationary that it 
becomes possible to make measurements upon the rate of fall in 
which the error due to evaporation is wholly negligible in compari- 
son with the other errors of the experiment. Furthermore, in 
making measurements of this kind the observer is just as likely 
to time a drop which has not quite reached its stationary point as 
one which has just passed through that point, so that the mean of 
a considerable number of observations would, even from a theo- 
retical standpoint, be quite free from an error due to evaporation. 

THE METHOD OF OBSERVATION 

The observations on the rate of fall were made with a short- 
focus telescope T (see Fig. 2) placed about 2 feet away from the 
plates. In the eyepiece of this telescope were placed three equally 
spaced cross-hairs, the distance between those at the extremes cor- 
responding to about one-third of the distance between the plates. 
A small section of the space between the plates was illuminated by 
a narrow beam from an arc light, the heat of the arc being absorbed 
by three water cells in series. The air between the plates was 
ionized by 200 mg. of radium, of activity 20,000, placed from 
3 to 10 cm. away from the plates. A second or so after expansion 
the radium was removed, or screened of with a lead screen, and the 
field thrown on by hand by means of a double-throw switch. If 
drops were not found to be held suspended by the field, the IM). 
was changed or the expansion varied until they were so held. The 
cross-hairs were set near the lower plate, and as soon as a stationary 
drop was found somewhere above the upper cross-hair, it was 
watched for a few seconds to make sure that it was not moving, 
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and then the field was thrown off and the plates short-circuited 
by means of the double-throw switch, so as to make sure that they 
retained no charge. The drop was then timed by means of an 
accurate stop watch as it passed across the three cross-hairs, one 
of the two hands of the watch being stopped at the instant of 



passage across the middle cross-hair, the other at the instant of 
passage across the lower one. It will be seen that this method 
of observation furnishes a double check upon evaporation ; for if 
the drop is stationary at first, it is not evaporating sufficiently to 
influence the reading of the rate of fall, and if it begins to evaporate 
appreciably before the reading is completed, the time required to 
pass through the second space should be greater than that required 
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to pass through the first space. It will be seen from the observa- 
tions which follow that this was not, in general, the case. 

It is an exceedingly interesting and instructive experiment to 
watch one of these drops start and stop, or even reverse its direc- 
tion of motion, as the field is thrown off and on. I have often 
caught a drop which was just too light to remain stationary and 
moved it back and forth in this way four or five times between the 
same two cross-hairs, watching it first fall under gravity when the 
field was thrown off and then rise against gravity when the field 
was thrown on. The accuracy and certainty with which the 
instants of passage of the drops across the cross-hairs can be deter- 
mined are precisely the same as that obtainable in timing the 
passage of a star across the cross-hairs of a transit instrument. 

Furthermore, since the observations upon the quantities 
occurring in equation (4) [see (8) p. 55 of this volume] are all 
made upon the same drop, all uncertainties as to whether condi- 
tions can be exactly duplicated in the formation of successive 
clouds obviously disappear. There is no theoretical uncertainty 
whatever left in the method unless it be an uncertainty as to 
whether or not Stokes's Law applies to the rate of fall of these 
drops under gravity. The experimental uncertainties are reduced 
to the uncertainty in a time determination of from 3 to 5 seconds, 
when the object being timed is a single moving bright point. This 
means that when the time interval is say 5 seconds, as it is in some 
of the observations given below, the error which a practiced 
observer will make with an accurate stop watch in any particular 
observation will never exceed 2 parts in 50. The error in the mean 
of a considerable number of concordant observations will obviously 
be very much less than this. 

Since in this form of observation the V2 of equation (5) [(8) of 
this volume] is zero, and since F is negative in sign, equation (5) 
reduces to the simple form: 

3 . 42 a X W ^ (6)* 

*I had changed the constant in Wilson's equation from 3.1 to 
3.422 because of careful measurements on the temperature existing in 
the cloud chamber about 10 seconds after expansion and because of new 
measurements on the viscosity of the saturated air. 
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It wiU perhaps be of some interest to introduce two 
tables from tliis paper to show the exact nature of these 


TABLE II 


Series i (Balanced Positive 
Water Drops) 


Series 2 (Balanced Positive 
Water Drops) 


Distance between plates . 545 cm. 
Measured distance of fall .155 cm. 


Volts 

Time 

I Space 

Time 

2 Spaces 

2,285 

2.4 sec. 

4.8 sec. 

2,285 

2.4 

4.8 

2,275 

2.4 

4.8 

2,325 

2.4 

4-8 

2,325 

2.6 

4.8 

2,325 

2.2 

4.8 

2,365 

2.4 

4.8 

2,312 

2.4 

4.8 


Mean time for .155 cm.=4.8 sec. 

g3=3.422Xio~oX — ■ '^ X 

14.14 

= 13 •77X10-10 

Therefore 5=13.85X10-104-3 

=4.59X10-10. 


m' 


Distance between plates . 545 cm. 
Measured distance of fall .155 cm. 


Volts 

Time 

I Space 

Time 

2 Spaces 

2,36s 

1 . 8 sec. 

4.0 sec. 

2,365 

1.8 

4.0 

2,36s 

2. 2 

3.8 

2,36s 

1.8 

4.0 

2,395 

2.0 

4.0 

2,395 

2.0 

4.0 

2,395 

2.0 

3.8 

2,36s 

1.8 

4.0 

2,36s 

1.8 

4.0 

2,36s 

1.8 

4.0 

2,374 

1.90 

396 


Mean time for .155 cm. =3. 91 sec. 

14.52 \ 3 . 9 i/ 

= 18.25X10-10 

Therefore e= 18 . 25 --4 


«4.s6Xio“-^o 

TABLE III 


Series 

Charge 

Value of e 

Weight 

Assigned 

I 

3 fi 

4- 59 

7 

2 . . , 

4e 

4.56 

7 

3 

25 

4.64 

6 

4 

55 

4.83 

4 

5 

25 

4.87 

I 

6 

65 

4.69 

3 


Simple mean 6=4. 70X10—10 
Weighted mean 5=4.65X10-10 
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earliest measurements on tlie charges carried by indi- 

vidual particles. 

In connection with these experiments I chanced to 
observe a phenomenon which interested me very much 
at the time and suggested quite new possibilities. While 
working with these balanced drops’’ I noticed on sev- 
eral occasions on which I had failed to screen off the rays 
from the radium that now and then one of them would 
suddenly change its charge and begin to move up or 
down in the field, evidently because it had captured in 
the one case a positive, in the other a negative, ion. This 
opened up the possibility of measuring with certainty, 
not merely the charges on individual droplets as I had 
been doing, but the charge carried by a single atmos- 
pheric ion. For by taking two speed measurements on the 
same dropj one before and one after it had caught an ion^ I 
could obviously eliminate entirely the properties of the drop 
and of the medium and deal with a quantity which was pro- 
portional merely to the charge on the captured ion itself. 

Accordingly, in the fall of 1909 there was started the 
series of experiments described in the succeeding chapter. 

The problem had already been so nearly solved by 
the work with the water droplets that there seemed no 
possibility of failure. It was only necessary to get a 
charged droplet entirely free from evaporation into the 
space between the plates of a horizontal air condenser 
and then, by alternately throwing on and off an electrical 
field, to keep this droplet pacing its beat up and down 
between the plates until it could catch an atmospheric 
ion in just the way I had already seen the water droplets 
do. The change in the speed in the field would then be 
exactly proportional to the charge on the ion captured. 



CHAPTER IV 


GENERAL PROOF OF THE ATOMIC NATURE OF 
ELECTRICITY 

Although the ‘‘balanced-droplet method’’ just de- 
scribed had eliminated the chief sources of uncertainty 
which inhered in preceding work on e and had made it 
possible to assert with much confidence that the unit 
charge was a real physical entity and not merely a 
“statistical mean/’ it was yet very far from an exact 
method of studying the properties of gaseous ions. The 
sources of error or uncertainty which still inhered in it 
arose from (i) the lack of stagnancy in the air through 
which the drop moved ; (2) the lack of perfect uniformity 
of the electrical field used; (3) the gradual evaporation 
of the drops, rendering it impossible to hold a given drop 
under observation for more than a minute or to time a 
drop as it fell under gravity alone through a period of 
more than five or six seconds; and (4) the assumption 
of the validity of Stokes’s Law. 

The method which was devised to replace it was not 
only entirely free from all of these limitations, but it 
constituted an entirely new way of studying ionization 
and one which at once yielded important results in a 
considerable number of directions. This chapter deals 
with some of these by-products of the determination of 
e which are of even more fundamental interest and 
importance than the mere discovery of the exact size of 
the electron. 
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I. ISOLATION OT INDIVIDUAL IONS AND MEASUREMENT 
OF THEIR RELATIVE CHARGES 

In order to compare the charges on different ions, the 
procedure adopted was to blow with an ordinary com- 
mercial atomizer an oil spray into the chamber C (Fig. 3). 



Fig. 3 


The air with which this spray was blown was first ren- 
dered dust-free by passage through a tube containing 
glass wool. The minute droplets of oil constituting the 
spray, most of them having a radius of the order of a 
one-thousandth of a millimeter, slowly fell in the cham- 
ber C, and occasionally one of them would find its way 
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through the minute pinhole p in the middle of the circular 
brass plate 22 cm. in diameter, which formed one of 
the plates of the air condenser. The other plate, N, was 
held 16 mm. beneath it by three ebonite posts a. By 
means of the switch S these plates could be charged, the 
one positively and the other negatively, by making them 
the terminals of a io,ooo-volt storage battery B, while 
throwing the switch the other way (to the left) short- 
circuited them and reduced the field between them to zero. 
The oil droplets which entered at p were illuminated by a 
powerful beam of light which passed through diametri- 
cally opposite windows in the encircling ebonite strip c. 
As viewed through a third window in c on the side toward 
the reader, it appeared as a bright star on a black back- 
ground. These droplets which entered p were found in 
general to have been strongly charged by the frictional 
process involved in blowing the spray, so that when the 
field was thrown on in the proper direction they would 
be pulled up toward M. Just before the drop under 
observation could strike M the plates would be short- 
circuited and the drop allowed to fall under gravity until 
it was close to iV, when the direction of motion would 
be again reversed by throwing on the field. In this way 
the drop would be kept traveling back and forth between 
the plates. The first time the experiment was tried an 
ion was caught within a few minutes, and the fact of its 
capture was signaled to the observer by the change 
in the speed with which it moved up when the field was 
on. The significance of the experiment can best be 
appreciated by examination of the complete record of 
one of the early experiments when the timing was done 
merely with a stop witch. 
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The column headed gives the successive times which 
the droplet required to fall between two fixed cross-hairs 
in the observing telescope whose distance apart corre- 
sponded in this case to an actual distance of fall of 
. 5222 cm. It will be seen that these numbers are all the 
same within the limits of error of a stop-watch measure- 
ment. The column marked tp gives the successive times 


TABLE IV 


'1 

tp 

13*6 

12. s 

13.8 

12.4 

13-4 

21.8 

13.4 

34-8 

13-6 

84- S 

13*6 

8S S 

13-7 

34-6 

13 s 

34-8 

I 3 -S 

16.0 

13.8 

34.8 

13*7 

34-6 

13.8 

21.9 

13-6 


13*5 


13-4 


13.8 


13.4 



Mean 13.595 

which the droplet required to rise under the influence of 
the electrical field produced by applying in this case 
5,051 volts of potential difference to the plates M and N. 
It will be seen that after the second trip up, the time 
changed from 12.4 to 21.8, indicating, since in this case 
the drop was positive, that a negative ion had been 
caught from the air. The next time recorded under //?, 
namely, 34.8, indicates that another negative ion had 
been caught. The next time, 84.5, indicates the capture 
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of still another negative ion. This charge was held 
for two trips, when the speed changed back again to 
34.6, showing that a positive ion had now been caught 
which carried precisely the same charge as the negative 
ion which before caused the inverse change in time, i.e., 
that from 34.8 to 84.5. 

In order to obtain some of the most important con- 
sequences of this and other similar experiments we 
need make no assumption further than this, that the 
velocity with which the drop moves is proportional to 
the force acting upon it and is independent of the elec- 
trical charge which it carries. Fortunately this assump- 
tion can be put to very delicate experimental test, as will 
presently be shown, but introducing it for the time being 
as a mere assumption, as Townsend, Thomson, and 
Wilson had done before, we get 


Vi_ mg 

Vi Fen—mg 


orc»=^(i».+D.) 


... (9) 


The negative sign is used in the denominator because Va 
will for convenience be taken as positive when the drop 
is going up in the direction of F, while Vx will be taken 
as positive when it is going down in the direction of g- 
Cn denotes the charge on the drop, and must not be con- 
fused with the charge on an ion. If now by the capture 
of an ion the drop changes its charge from e„ to then 
the value of the captured charge ei is 


ei-en^—en==^(vi-Vi) ( 10 ) 

and since ^ is a constant for this drop, any charge 
which it may capture will always be proportional to 
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{v'^-V2), that is, to the change produced in the velocity 
in the field F by the captured ion. The successive values 
of V2 and of these latter being obtained by sub- 

tracting successive values of the velocities given under v^y 
are shown in Table V. 

TABLE V 

V2 (v^—Vi) 


.5222 

12.45 


= .04196 


.5222 

—=.02390 


■ 5^22 
34-7 


= .01505 


.5222 

■^=.006144 


.5222 

34.7 


•01505 


.5222 

16.0 


= .03264 


. 5222 
34-7 

. 5222 
21.85 


= .01505 


= . 02390 


. oi8o6-^ 2 = . 00903 
. 00885 -M= .00885 
.00891-^1= .00891 
. 00891 -M= .00891 
.01759-^2= .00880 
.01759-5-2= .00880 
.oo89i-M= .00891 


It will be seen from the last column that within the 
limits of error of a stop-watch measurement, all the 
charges captured have exactly the same value save in 
three cases. In all of these three the captured charges 
were just twice as large as those appearing in the othei 
changes. Relationships of exactly this sort have been 
found to hold absolutely without exception, no matter 
in what gas the drops have been suspended or what sort 
of droplets were used upon which to catch the ions. In 
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many cases a given drop has been held under observation 
for five or six hours at a time and has been seen to catch 
not eight or ten ions, as in the experiment above, but 
hundreds of them. Indeed, I have observed, all told, the 
capture of many thousands of ions in this way, and in 
no case have I ever found one the charge of which, when 
tested as above, did not have either exactly the value of 
the smallest charge ever captured or else a very small 
multiple of that value. Here, then, is direct^ unimpeachable 
proof that the electron is not a ^^statistical mean^^^ but that 
rather the electrical charges found on ions all have either ex- 
actly the same value or else small exact multiples of that value, 

II. PROOF THAT ALL STATIC CHARGES BOTH ON 
CONDUCTORS AND INSULATORS ARE BUILT 
UP OF ELECTRONS 

The foregoing experiment leads, however, to results 
of much more fundamental importance than that men- 
tioned in the preceding section. The charge which the 
droplet had when it first came under observation had 
been acquired, not by the capture of ions from the air, 
but by the ordinary frictional process involved in blow- 
ing the spray. If then ordinary static charges are built 
up of electrons, this charge should be found to be an 
exact multiple of the ionic charge which had been found 
from the most reliable measurement shown in Table V 
to be proportional to the velocity .00891. This initial 
charge on the drop is seen from equations (9) and (10) 
to bear the same relation to which the ionic 

charge bears to {v^—v^. Now, = . 5222 / 13 . 595 
= .03842, hence Vx-\-V2= .03842-f. 04196= .08038. Di- 
viding this by 9 we obtain . 008931, which is within about 
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one-fifth of i per cent of the value found in tlie last 
column of Table V as the smallest charge carried by an 
ion. Our experiment has then given us for the first time 
a means of comparing a frictional charge with the ionic 
charge, and the frictional charge has in this instance been 
found to contain exactly g electrons. A more exact means 
of making this comparison will be given presently, but 
sufl&ce it to say here that experiments like the foregoing 
have now been tried on thousands of drops in different 
media, some of the drops being made of non-conductors 
like oil, some of semi-conductors like glycerin, some of 
excellent metallic conductors like mercury. In every 
case, without a single exception, the initial charge placed 
upon the drop by the frictional process, and all of the 
dozen or more charges which have resulted from the 
capture by the drop of a larger or smaller number of 
ions, have been found to be exact multiples of the small- 
est charge caught from the air. Some of these drops 
have started with no charge at all, and one, two, three, 
four, five, and six elementary charges or electrons have 
been picked up. Others have started with seven or 
eight units, others with twenty, others with fifty, others 
with a hundred, others with a hundred and fifty elemen- 
tary units, and have picked up in each case a dozen or 
two of elementary charges on either side of the starting- 
point, so that, in all, drops containing every possible num- 
ber of electrons between one and one hundred and fifty 
have been observed and the number of electrons which 
each drop carried has been accurately counted by the 
method described. When the number is less than fifty 
there is not a whit more uncertainty about this count 
than there is in counting one's own fingers and toes. It 
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is not found possible to determine with certainty the 
number of electrons in a charge containing more than 
one hundred or two hundred of them, for the simple 
reason that the method of measurement used fails to 
detect the difference between 200 and 201, that is, we 
cannot measure with an accuracy greater than 

one-half of i per cent. But it is quite inconceivable that 
large charges such as are dealt with in commercial appli- 
cations of electricity can be built up in an essentially 
different way from that in which the small charges whose 
electrons we are able to count are found to be. Further- 
more, since it has been definitely proved that an electrical 
current is nothing but the motion of an electrical charge 
over or through a conductor, it is evident that the 
experiments under consideration furnish not only the 
most direct and convincing of evidence that all electrical 
charges are built up out of these very units which we 
have been dealing with as individuals in these experi- 
ments, but that all electrical currents consist merely in 
the transport of these electrons through the conducting 
bodies. 

In order to show the beauty and precision with which 
these multiple relationships stand out in aU experiments 
of this kind, a table corresponding to much more precise 
measurements than those given heretofore is here intro- 
duced (Table VI). The time of fall and rise shown in 
the first and second columns were taken with a Hipp 
chronoscope reading to one-thousandth of a second. 
The third column gives the reciprocals of these times. 
These are used in place of the velocities in the field, 
since distance of fall and rise is always the same. The 
fourth column gives the successive changes in speed due 
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to the capture of ions. These also are expressed merely 
as time reciprocals. For reasons which will be explained 
in the next section, each one of these changes may corre- 
spond to the capture of not merely one but of several dis- 
tinct ions. The numbers in the fifth column represent 

TABLE VI 


Js 

Sec. 





I / I i\ 



I /I , 

Sec. 

tp 

[t'F ‘fJ 

n' 

n\t'p tpj 

n 

n{ig ^ ip) 

ri.848 

I I . 890 
11.908 
11.904 
11.882 
11.906 
11.838 
11.816 
11.776 
11.840 
11.904 
11.870 
11.952 
11.860 
11.846 
11.912 
11.910 
11.918 
11.870 
11.888 

1 I . 894 
11.878 

80. 708 
22.366] 
22. 390 > 
22.368] 
140.565! 
79 . 600 f 
34-748 

34 - 762 [ 

34-846 
29. 286I 
29.236/ 
137-308 
34-638 

22.104! 
22.268/ 
500. 1 
19.704! 
19.668/ 
77-630! 
77.806/ 
42.302 

.01236 

.04470 1 

.007192! ' 
•OI 2 S 4 /^ 

.02870 ^ 

.03414 ! 

,007268!^ 
.02884 jy 

.04507 1 
.002000 ' 
•05079 ^ 

.01285 1 

.02364 / 

•03234 

.03751 

-005348 

.016X6 

.026872 

.021572 

.01623 

- 04307 

.04879 

•03704 

.01079 

6 

7 

1 

3 

5 

4 

3 

8 

9 

7 

2 

.005390 

.005358 

.005348 

.005387 

.005375 

.005393 

.005410 

.005384 

.005421 

.005420 

.005395 

.09655 

.12887 

.09138 

.09673 

.11289 

.11833 

.09146 

.11303 

.12926 

.08619 

. 13498 

.09704 

10783 

18 

24 

17 

18 

21 

22 

17 

21 

24 

16 

25 

18 

20 

.005366 

.005371 

•005375 

.005374 

.005376 

.005379 

.005380 

.005382 

.005386 

.005387 

.005399 

.005390 

.005392 

I 1 . 880 



Means 


.005386 



.005384 


Duration of exp. 
Plate distance 
Fall distance 
Initial volts 
Final volts 


Temperature 


'45 min. 

Pressure 

'*75.62 cm. 

'i6 mm. 

Oil density 

“ .9199 

10.21 mm. 

Air viscosity 

>* 1,824 X 10 'T 

'5,088.8 

Radius (a) 

I* .000276 cm. 

'5, 081. a 

1 

-.034 

'22.82* C. 

a 

Speed of fall 

«■ .08584 cm./sec. 


Xio 


simply the small integer by which it is found that the 
numbers in the fourth column must be divided in order 
to obtain the numbers in the sixth column. These will 
be seen to be exactly alike within the limits of error of the 
experiment. The mean value at the bottom of the sixth 
column represents, then, the smallest charge ever caught 
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from the air, that is, it is the elementary ionic chditgt. 
The seventh column gives the successive values of 
expressed as reciprocal times. These numbers, then, rep- 
resent the successive values of the total charge carried by 
the droplet. The eighth column gives the integers by 
which the numbers in the seventh column must be 
divided to obtain the numbers in the last column. These 
also will be seen to be invariable. The mean at the 
bottom of the last column represents, then, the electrical 
unit out of which the frictional charge on the droplet was 
built up, and it is seen to he identical with the ionic charge 
represented by the number at the bottom of the sixth column. 

It may be of interest to introduce one further table 
(Table YII) arranged in a slightly different way to show 

TABLE VII 


ft 

4.9i7Xn 

Observed 

Charge 


I 

4.917 


10 

2 

9.834 


II 

2 

14.75 


12 

4 

19.66 

19.66 

13 

5 

24.59 

24.60 

14 

6 

29.50 

29.62 

15 

7 

34.42 

34.47 

16 

8 

39-34 

39-38 

17 

9 

44-25 

44.42 

18 


4 .pl 7 X« 

Observed 

Charge 

49.17 

49.41 

54.09 

53-91 

59-00 

59.12 

63.92 

63.68 

68.84 

68.65 


73.75 

78.67 78.34 

83.59 83.22 

88.51 


how infallibly the atomic structure of electricity follows 
from experiments like those under consideration. 

In this table 4.917 is merely a number obtained 
precisely as above from the change in speed due to the 
capture of ions and one which is proportional in this 
experiment to the ionic charge. The column headed 
4.917XW contains simply the whole series of exact mul- 
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tiples of this number from i to i8. The column headed 
‘^Observed Charge’’ gives the successive observed values 
of It will be seen that during the time of obser- 

vation, about four hours, this drop carried all possible 
multiples of the elementary charge from 4 to i8, save only 
15. No more exact or more consistent multiple relationship 
is found in the data which chemists have amassed on the 
combining powers of the elements and on which the atomic 
theory of matter rests than is found in the foregoing numbers. 

Such tables as these — and scores of them could be 
given — ^place beyond all question the view that an 
electrical charge wherever it is found, whether on an 
insulator or a conductor, whether in electrolytes or in 
metals, has a definite granular structure, that it consists 
of an exact number of specks of electricity (electrons) all 
exactly alike, which in static phenomena are scat- 
tered over the surface of the charged body and in current 
phenomena are drifting along the conductor. Instead 
of giving up, as Maxwell thought we should some day do, 
the '^provisional hypothesis of molecular charges,” we 
find ourselves obliged to make all our interpretations of 
electrical phenomena, metallic as well as electrolytic^ in 
terms of it. 

III. MECHANISM OF CHANGE OF CHARGE OF A DROP 

All of the changes of charge shown in Table IV were 
spontaneous changes, and it has been assumed that all 
of these changes were produced by the capture of ions 
from the air. When a negative drop suddenly increases 
its speed in the field, that is, takes on a larger charge of 
its own kind than it has been carrying, there seems to be 
no other conceivable way in which the change can be 
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produced. But when the charge suddenly decreases there 
is no a priori reason for thinking that the change may not 
be due as well to the direct loss of a portion of the charge 
as to the neutralization of this same amount of electricity 
by the capture of a charge of opposite sign. That, how- 
ever, the changes do actually occur, when no X-rays or 
radioactive rays are passing between the plates, only by 
the capture of ions from the air, was rendered probable by 
the fact that drops not too heavily charged showed the 
same tendency on the whole to increase as to decrease in 
charge. This should not have been the case if there were 
two causes tending to decrease the charge, namely, direct 
loss and the capture of opposite ions, as against one tend- 
ing to increase it, namely, capture of like ions. The 
matter was very convincingly settled, however, by mak- 
ing observations when the gas pressures were as low as 
2 or 3 mm. of mercury. Since the number of ions present 
in a gas is in general directly proportional to the pressure, 
spontaneous changes in charge should almost never occur 
at these low pressures; in fact, it was found that drops 
could be held for hours at a time without changing. The 
frequency with which the changes occur decreases regu- 
larly with the pressure, as it should if the changes are 
due to the capture of ions. ' For the number of ions 
formed by a given ionizing agent must vary directly as 
the pressure. 

Again, the changes do not, in general, occur when the 
electrical field is on, for then the ions are driven instantly 
to the plates as soon as formed, at a speed of, say, 
10,000 cm. per second, and so do not have any oppor- 
tunity to accumulate in the space between them. When 
the field is off, however, they do so accumulate, until, in 
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ordinary air, they reach the number of, say, 20,000 per 
cubic centimeter. These ions, being endowed with the 
kinetic energy of agitation characteristic of the tempera- 
ture, wander rapidly through the gas and become a part 
of the drop as soon as they impinge upon it. It was thus 
that all the changes recorded in Table IV took place. 

It is possible, however, so to control the changes as 
to place electrons of just such sign as one wishes, and of 
just such number as one wishes, within limits, upon a 
given drop. If, for example, it is desired to place a posi- 
tive electron upon a given drop the latter is held with 
the aid of the field fairly close to the negative plate, say 
the upper plate; then an ionizing agent — X-rays or 
radium — is arranged to produce uniform ionization in 
the gas between the plates. Since now all the positive 
ions move up while the negatives move down, the drop 
is in a shower of positive ions, and if the ionization is 
intense enough the drop is sure to be hit. In this way 
a positive charge of almost any desired strength may be 
placed upon the drop. 

Similarly, in order to throw a negative ion or ions 
upon the drop it is held by the field close to the lower, 
i.e., to the positive, plate in a shower of negative ions 
produced by the X-rays. It was in this way that most 
of the changes shown in Table VI were brought about. 
This accounts for the fact that they correspond in some 
instances to the capture of as many as six electrons. 

When X-rays are allowed to fall directly upon the 
drop itself the change in charge may occur, not merely 
because of the capture of ions, but also because the rays 
eject beta particles, i.e., negative electrons, from the 
molecules of the drop. That changes in charge were 
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actuaEy produced in this way in our experiments was 
proved conclusively in 1910 by the fact that when the 
pressure was reduced to a very low value and X-rays 
were allowed to pass through the air containing the drop, 
the latter would change readily in the direction of increas- 
ing positive or decreasing negative charge, but it could 
almost never be made to change in the opposite direc- 
tion, This is because at these low pressures the rays 
can find very few gas molecules to ionize, while they 
detach negative electrons from the drop as easily as at 
atmospheric pressure. This experiment proved directly 
that the charge carried by an ion in gases is the same as the 
charge on the beta or cathode-ray particle. 

When it was desired to avoid tlie direct loss of nega- 
tive electrons by the drop, we arranged lead screens so 
that the drop itself would not be illuminated by the rays, 
although the gas underneath it was ionized by them.^ 

IV. DIRECT OBSERVATION OE THE KINETIC ENERGY OF 
AGITATION OF A MOLECULE 

I have already remarked that when a drop carries 
but a small number of electrons it appears to catch ions 
of its own sign as rapidly as those of opposite signs — a 
result which seems strange at first, since the ions of 
opposite sign must be attracted, while those of like sign 
must be repelled. Whence, then, does the ion obtain the 
energy which enables it to push itself up against this 
electrostatic repulsion and attach itself to a drop already 
strongly charged with its own kind of electricity ? It 
cannot obtain it from the field, since the phenomenon of 
capture occurs when the field is not on. It cannot 

^ See Phil. Mag., XXI (1911), 757. 
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obtain it from any explosive process which frees the ion 
from the molecule at the instant of ionization, since 
in this case, too, ions would be caught as well, or 
nearly as well, when the field is on as when it is off. Here, 
then, is an absolutely direct proof that the ion must be 
endowed with a kinetic energy of agitation which is 
sufScient to push it up to the surface of the drop against 
the electrostatic repulsion of the charge on the drop. 

This energy may easily be computed as follows : Let 
us take a drop, such as was used in one of these experi- 
ments, of radius .000197 cm- The potential at the sur- 
face of a charged sphere can be shown to be tlie charge 
divided by the radius. The value of the elementary 
electrical charge obtained from the best observations of 
this type, is 4.770X10“” absolute electrostatic units. 
Hence the energy required to drive an ion carrying the 
elementary charge e up to the surface of a charged sphere 
of radius r, carrying 16 elementary charges, is 


i^*_ 16X ( 4.7 70X10“”)* 
7 .000197 


= 1.95X10“''* ergs 


Now, the kinetic energy of agitation of a molecule as 
deduced from the value of e herewith obtained, and the 
kinetic theory equation, p=\nnuf, is 5.75X10“''* ergs. 
According to the Maxwell-Boltzmann Law of the parti- 
tion of energy, which certainly holds in gases, this should 
also be the kinetic energy of agitation of an ion. It will 
be seen that the value of this energy is approximately 
three times that required to push a single ion up to the 
surface of the drop in question. Hence the electrostatic 
forces due to 16 electrons on tlie drop are too weak to 
exert much influence upon the motion of an approaching 
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ion. But if it were possible to load up a drop with 
negative electricity until the potential energy of its 
charge were about three times as great as that computed 
above for this drop, then the phenomenon here observed 
of the catching of new negative ions by such a negatively 
charged drop should not take place, save in the excep- 
tional case in which an ion might acquire an energy 
of agitation considerably larger than the mean value. 
Now, as a matter of fact, it was regularly observed that 
the heavily charged drops had a very much smaller tend- 
ency to pick up new negative ions than the more lightly 
charged drops, and, in one instance, we watched for four 
hours another negatively charged drop of radius 
.000658 cm., which carried charges var3dng from 126 to 
150 elementary units, and which therefore had a poten- 
tial energy of charge (computed as above on the assump- 
tion of uniform distribution) varying from 4. 6X 10"^^ to 
5 . 47 X In all that time this drop picked up but one 

single negative ion when the field was off, and that 
despite the fact that the ionization was several times 
more intense than in the case of the drop of Table I. 
Positive ions too were being caught at almost every trip 
down under gravity. (The strong negative charge on 
the drop was maintained by forcing on negative ions by 
the field as explained above.) 

V. POSITIVE AND NEGATIVE ELECTRONS EXACTLY EQUAL 

The idea has at various times been put forth in con- 
nection with attempts to explain chemical and cohesive 
forces from the standpoint of electrostatic attractions 
that the positive and negative charges in a so-called 
neutral atom may not after all be exactly equal, in other 
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words, that there is really no such thing as an entirely 
neutral atom or molecule. As a matter of fact, it is 
difficult to find decisive tests of this hypothesis. The 
present experiments, however, make possible the follow- 
ing sort of test. I loaded a given drop first with negative 
electrons and took ten or twelve observations of rise and 
fall, then with the aid of X-rays, by the method indicated 
in the last section, I reversed the sign of the charge on 
the drop and took a corresponding number of observa- 
tions of rise and fall, and so continued observing first the 
value of the negative electron and then that of the posi- 
tive. Table VIII shows a set of such observations taken 
in air with a view to subjecting this point to as rigorous a 
test as possible. Similar, though not quite so elaborate, 
observations have been made in hydrogen with the same 
result. The table shows in the first column the sign of 
the charge; in the second the successive values of the 
time of fall under gravity; in the third the successive 
times of rise in the field F; in the fourth the number of 
electrons carried by the drop for each value of tp; and in 
the fifth the number, characteristic of this drop, which 
is proportional to the charge of one electron. This num- 
ber is obtained precisely as in the two preceding tables 
by finding the greatest common divisor of tlie successive 
values of and then multiplying this by an 

arbitrary constant which has nothing to do with the 
present experiment and hence need not concern us here 
(see chap. v). 

It will be seen that though the times of fall and of 
rise, even when the same number of electrons is carried 
by the drop, change a trifle because of a very slight 
evaporation and also because of the fall in the potential 
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TABLE VIII 


Sign of Drop 

h 

Sec. 

Sec. 

n 



63.118 





63.050 

63 . 186 

41.728I 


8 



63-332 

41.590] 



— 

62.328 

62.728 

25.740] 



gi=6. 713 


62.926 

25. 798 1 





62.900 

25- 510 ( 





63.214 

25 . 806 J 





Mean =6 2. 976 





63-538 

22.694I 


12 



63.244 

22.830J 




63.114 

25.870'! 





63 . 242 

25.876 


II 



63.362 

25.484] 




+ 

63.136 

63.226 

10.830' 

10.682 



Cx=* 6.692 


63.764 

10.756 


22 



63 . 280 , 

10.778 




63-530 i 

10.672 





63.268 

10. 646 J 





Mean =63. 325 





63.642 





63.020 

71.664' 

l 

fi 



62.820 

71 . 248^ 

f 

0 


+ 

63.514 

52.668' 

1 



63.312 

52 . 800 

1 




63.776 

52.496 

[ 

7 

► ^1 — 6.702 


63.300 

52.860 

j 




63.156 

63.126 

71 . 708 

6 



Mean =63. 407 
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Duration of experiment i hr. 40 min 
Initial volts =1723.5 
Final volts =1702.1 
Pressure = 53.48 cm. 

of the battery, yet the mean value of the positive elec- 
tron, namely, 6.697, a^grees with the mean value of the 
negative electron, namely, 6.700, to within less than 
I part in 2,000. Since this is about the limit of tlie 
experimental error (the probable error by least squares 
is I part in 1,500), we may with certainty conclude that 
there are no diferences of more than this amount between 
the values of the positive and negative electrons. This is 
the best evidence I am aware of for the exact neutrality 
of the ordinary molecules of gases. Such neutrality, if 
it is actually exact, would seem to preclude the possi- 
bility of explaining gravitation as a result of electrostatic 
forces of any kind. The electrornagnetic effect of mov- 
ing charges might, however, still be called upon for 
this purpose. 


Mean 5+ = 6.697 
Mean =6.700 
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VI. RESISTANCE OF MEDIUM TO MOTION OF DROP THROUGH 
IT THE SAME WHEN DROP IS CHARGED AS WHEN 
UNCHARGED 

A second and equally important conclusion can be 
drawn from Table VIII. It will be seen from the column 
headed that during the whole of the time corre- 
sponding to the observations in the third group from 
the top the drop carried either 6 or 7 electrons, while, 
during the last half of the time corresponding to the 
observations in the second group from the top, it 
carried three times as many, namely, 22 electrons. 
Yet the mean times of fall under gravity in the two 
groups agree to within about one part in one thousand. 
The time of fall corresponding to the heavier charge 
happens in this case to be the smaller of the two. 
We may conclude, therefore, that in these experiments the 
resistance which the medium ofers to the motion of a body 
through it is not sensibly increased when the body becomes 
electrically charged. This demonstrates experimentally the 
exact validity for this work of the assumption made on 
p. 70 that the velocity of the drop is strictly propor- 
tional to the force acting upon ity whether it is charged or 
uncharged. 

The result is at first somewhat surprising since, 
according to Sutherland's theory of the small ion, the 
small mobility or diffusivity of charged molecules, as 
compared with uncharged, is due to the additional resist- 
ance which the medium offers to the motion through it 
of a charged molecule. This additional resistance is 
due to the fact that the charge on a molecule drags 
into collision with it more molecules than would other- 
wise hit it. But with oil drops of the sizes here used 



ATOMIC NATURE OF ELECTRICITY 


87 


(a= 50X10"®) the total number of molecular collisions 
against the surface of the drop is so huge that even 
though the small number of charges on it might produce 
a few more collisions, their number would be negligible 
in comparison with the total number. At any rate the 
experiment demonstrates conclusively tliat the charges 
on our oil drops do not influence the resistance of the 
medium to the motion of the drop. This conclusion 
might also have been drawn from the data contained in 
Table VI. The evidence for its absolute correctness has 
been made more convincing still by a comparison of 
drops which carried but i charge and those which 
carried as many as 68 unit charges. Further, I have 
observed the rate of fall under gravity of droplets 
which were completely discharged, and in every case 
that I have ever tried I have found this rate pre- 
cisely the same, within the limits of error of the 
time measurements, as when it carried 8 or 10 unit 
charges. 


VII. DROPS ACT LIKE RIGID SPHERES 

It was of very great importance for the work, an ac- 
count of which will be given in the next chapter to deter- 
mine whether the drops ever suffer — either because of 
their motion through a resisting medium, or because of 
the electrical field in which they are placed — any appre- 
ciable distortion from the spherical form which a freely 
suspended liquid drop must assume. The complete 
experimental answer to tliis query is contained in the 
agreement of the means at the bottom of the last and 
the third from the last columns in Table VI and in 
similar agreements shown in many other tables, which 
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may be found in the original articles/ Since j is in this 

experiment large compared to the value of the greatest 

common divisor at the bottom of the last column of 
Table VI is determined almost wholly by the rate of fall 
of the particle under gravity when there is no field at all 
between the plates, while the velocity at the bottom of 
the third from the last column is a difference between two 
velocities in a strong electrical field. If, therefore, the 
drop were distorted by the electrical field, so that it 
exposed a larger surface to the resistance of the medium 
than when it had the spherical form, the velocity due to 
a given force, that is, the velocity given at the bottom of 
the third from the last column, would be less than that 
found at the bottom of the last column, which corre- 
sponds to motions when the drop certainly was spherical. 

Furthermore, if the drops were distorted by their 
motion through the medium, then this distortion would 
be greater for high speeds than for low, and consequently 
the numbers in the third from the last column would be 
consistently larger for high speeds than for low. No 
such variation of these numbers with speed is apparent 
either in Table VI or in other similar tables. 

We have then in the exactness and invariableness of 
the multiple relations shown by successive differences in 
speed and the successive sums of the speeds in the third 
from the last and the last columns of Table VI complete 
experimental proof that in this work the droplets act 
under afi circumstances like undeformed spheres. It is 
of interest that Prof essor Hadamard,® of the University of 

^ Fhys. Rev., Series i, XXXII (1911), 349; Series 2, II (1913), 109. 

^ Comptes rendtts (1911), 1735. 
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Paris, and Professor Lunn,* of the University of Chicago, 
have both shown from theoretical considerations that 
this would be the case with oil drops as minute as those 
with which these experiments deal, so that the conclu- 
sion may now be considered as very hrmly established 
both by the experimentalist and the theorist. 

' Phys. Rev., XXXV (igi2), 227. 



CHAPTER V 

THE EXACT EVALUATION OF ^ 

I. DISCOVERY OE THE FAILURE OF STOXES’S LAW 

Although complete evidence for the atomic nature of 
electricity is found in the fact that all of the charges 
which can be placed upon a body as measured by the 
sum of speeds Vi-jrV2, and all the changes of charge which 
this body can undergo as measured by the differences of 
speed {vi—Va) are invariably found to be exact multiples 
of a particular speed, yet there is something still to be 
desired if we must express this greatest common divisor 
of all the observed series of speeds merely as a velocity 
which is a characteristic constant of each particular drop 
but which varies from drop to drop. We ought rather 
to be able to reduce this greatest common divisor to 
electrical terms by ffnding the proportionality factor 
between speed and charge, and, that done, we should, of 
course, expect to find that the charge came out a uni- 
versal constant independent of the size or kind of drop 
experimented upon. The attempt to do this by the 
method which I had used in the case of the water drops 
(P- SS)? namely, by the assumption of Stokes’s Law, 
heretofore taken for granted by all observers, led to the 
interesting discovery that this law is not valid.* Accord- 

*Cuimingham {Proc. Roy, Soc., LXXXIII [1910], 357) and the 
author came independently to the conclusion as to the invalidity of 
Stokes’s Law, he from theoretical considerations developed at about the 
same time, I from my experimental work. 
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ing to this law the rate of fall of a spherical drop under 
gravity, namely, z>i, is given b}- 


917 


.(ii) 


in which 17 is the viscosity of the medium, a the radius 
and a- the density of the drop, and p the density of the 
medium. This last quantity was neglected in (6), p. 55, 
because, with the rough measurements there possible, it 
was useless to take it into account, but with our oil drops 
in dry air all the other factors could be found with great 
precision. 

When we assume the foregoing equation of Stokes and 
combine it with equation (5) on p. 55, an equation whose 
exact validity was proved experimentally in the last 
chapter, we obtain, after substitution of the purely 
geometrical relation m=^a^ (o’—p), the following ex- 

pression for the charge e„ carried by a drop loaded with 
n electrons which we will assume to have been counted 
by the method described: 


3 \ 2 / \g(<r—p)/ F 


According to this equation the elementary charge Ci 
should be obtained by substituting in this the greatest 
common divisor of all the observed series of values of 
(»i+»a) or of Thus, if we call this we 

have 


I i‘»i+^2)oVxl 
3 \ 2 / \g(<r—p)J F 


(13) 


But when this equation was tested out upon different 
drops, although it yielded perfectly concordant results 
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so long as the different drops all fell with about the same 
speed, when drops of different speeds, and, therefore, of 
different sizes, were used, the values of obtained were 
consistently larger the smaller the velocity under gravity - 
For example, ex for one drop for which . 01085 
second came out 5. 49X io“^°, while for another of almost 
the same speed, namely, Vx= .01176, it came out 5.482 ; 
but for two drops whose speeds were five times as large, 
namely, .0536 and .0553, ex came out 5. 143 and 5. 145, 
respectively. This could mean nothing save that 
Stokes’s Law did not hold for drops of the order of mag- 
nitude here used, something like a= .0002 cm. (see Sec- 
tion IV below), and it was surmised that the reason for 
its failure lay in the fact that the drops were so small that 
tliey could no longer be thought of as moving through 
the air as they would through a continuous homogeneous 
medium, which was the situation contemplated in the 
deduction of Stokes’s Law. This law ought to begin to 
fail as soon as the inhomogeneities in the medium — i.e., 
the distances between the molecules — ^began to be at all 
comparable with the dimensions of the drop. Further- 
more, it 'is easy to see that as soon as the holes in the 
medium begin to be comparable with the size of the 
drop, the latter must begin to increase its speed, for it 
may then be thought of as beginning to reach the stage 
in which it can fall freely through the holes in the 
medium. This would mean that the observed speed of 
fall would be more and more in excess of that given by 
Stokes’s Law the smaller the drop became. But the 
apparent value of the electronic charge, namely, 6 %, is 
seen from equation (13) to vary directly with the speed 
(2 ^i+2^2)o imparted by a given force. Hence should 
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come out larger and larger the smaller the radius of the 
drop, that is, the smaller its velocity under gravity. Now, 
this was exactly the behavior shown consistently by all 
the oil drops studied. Hence it looked as though we had 
discovered, not merely the failure of Stokes’s Law, but 
also the line of approach by means of which it might be 
corrected. 

In order to be certain of our ground, however, we 
were obliged to initiate a whole series of new and some- 
what elaborate experiments. 

These consisted, first, in finding very exactly what 
is the coefl&cient of viscosity of air under conditions in 
which it may be treated as a homogeneous medium, and, 
second, in finding the limits within which Stokes’s Law 
may be considered valid. 

n. THE COEEEICIENT OE VISCOSITY OE AIR 

The experiments on the coefficient of viscosity of 
air were carried out in the Ryerson Laboratory by 
Dr. Lachen Gilchrist,* and Dr. I. M. Rapp.* Dr. Gil- 
christ used a method which was in many respects new 
and which may fairly be said to be freer from theo- 
retical uncertainties than any method which has ever 
been used. He estimated that his results should not be 
in error by more tlian . i or . 2 of i per cent. Dr. Rapp 
used a form of the familiar capillary-tube method, but 
under conditions which seemed to adapt it better to an 
absolute evaluation of rj for air than capillary-tube 
arrangements have ordinarily been. 

^ Phys, Rev,, N.S., I, (1913), 124. 

^Phys, Rev,, N.S.. II (1913), 363- 
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These two men, as the result of measurements which 
were in progress for more than two years, obtained final 
means which were in very close agreement with one 
another as well as with the most careful of preceding 
determinations. It will be seen from Table IX that 

TABLE IX 

i?aj for Air 

.00018227 Rapp, Capillary-tube method, 1913 
{Phys. Rev., II, 363). 

.00018257 Gilchrist, Constant deflection method, 
1913 {Phys. Rev., I, 124). 

.00018229 Hogg, Damping of oscillating cylin- 
ders, 1905 {Proc. Am. Acad., XL, 61 1). 

.00018258 Tomlinson, Damping of Swinging Pendu- 
lum, 1886 {Phil. Trans., CLXXVII, 
767). 

.00018232 Grindley and Gibson, Flow through pipe, 
1908 {Proc. Roy. Soc.fVKXX, 114). 

Mean... .00018240 

every one of the five different methods which have been 
used for the absolute determination of 77 for air leads to 
a value that differs by less than one part in one thousand 
from the following mean value, 7723= .00018240. It was 
concluded, therefore, that we could depend upon the 
value of 77 for the viscosity of air under the conditions of 
our experiment to at least one part in one thousand. 
Late in 1917 Dr. E. Harrington"" improved still further 
the apparatus designed by Dr. Gilchrist and the author 
and made with it in the Ryerson Laboratory a deter- 
mination of 77 which is, I think, altogether unique in 
its reliability and precision. I give to it alone greater 

^ Phys. Rev., December, 1916. 
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weight than to all the other work of the past fifty years 
in this field taken together. The final value is 

1723= .00018226 

and the error can scarcely be more than one part in two 
thousand. 


in. LIMITS OF VALIDITY OF STOKES’s LAW 

In the theoretical derivation of Stokes’s Law the 
following five assumptions are made: (i) that the 
inhomogeneities in the medium are small in comparison 
with the size of the sphere; (2) that the sphere falls as 
it would in a medium of unlimited extent; (3) that the 
sphere is smooth and rigid; (4) that there is no slipping 
of the medium over the surface of the sphere; (5) that 
the velocity with which the sphere is moving is so small 
that the resistance to the motion is all due to the vis- 
cosity of the medium and not at all due to the inertia 
of such portion of the media as is being pushed forward 
by the motion of the sphere through it. 

If these conditions were all realized then Stokes’s 
Law ought to hold. Nevertheless, there existed up to 
the year 1910 no experimental work which showed that 
actual experimental results may be accurately predicted 
by means of the unmodified law, and Dr. H. D. Arnold 
accordingly undertook in the Ryerson Laboratory to test 
how accurately the rates of fall of minute spheres through 
water and alcohol might be predicted by means of it. 

His success in these experiments was largely due to 
the ingenuity which he displayed in producing accurately 
spherical droplets of rose-metal. This metal melts at 
about 82*^ C. and is quite fluid at the temperature of 
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boiling water. Dr. Arnold placed some of this metal in 
a glass tube drawn to form a capillary at one end and 
suspended the whole of the capillary tube in a glass 
tube some 70 cm. long and 3 cm. in diameter. He then 
filled the large tube with water and applied heat in such 
a way that the upper end was kept at about loo'^ C., 
while the lower end was at about 60®. He then forced 
the molten metal, by means of compressed air, out 
through the capillary into the hot water. It settled in 
the form of spray, the drops being sufficiently cooled by 
the time they reached the bottom to retain their spherical 
shape. This method depends for its success on the 
relatively slow motion of the spheres and on the small 
temperature gradient of the water through which they 
fall. The slow and uniform cooling tends to produce 
homogeneity of structure, while the low velocities allow 
the retention of very accurately spherical shape. In this 
way Dr. Arnold obtained spheres of radii from . 002 cm. to 
.1 cm., which, when examined under the microscope, were 
found perfectly spherical and practically free from surface 
irregularities. He found that the slowest of these drops 
fell in liquids with a speed which could be computed from 
Stokes’s Law with an accuracy of a few tenths of i per 
cent, and he determined experimentally the limits of 
speed through which Stokes’s Law was valid. 

Of the five assumptions underlying Stokes’s Law, 
the first, third, and fourth were altogether satisfied in 
Dr. Arnold’s experiment. The second assumption he 
found sufiS-ciently realized in the case of the very small- 
est drops which he used, but not in the larger ones. The 
question, however, of the effect of the walls of the vessel 
upon the motion of drops through the liquid contained 
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in the vessel had been previously studied with great 
ability by Ladenburg/ who, in worldng with an exceed- 
ingly viscous oil, namely Venice turpentine, obtained 
a formula by which the effects of the wall on the motion 
might be eliminated. If the medium is contained in a 
cylinder of circular cross-section of radius R and of 
length L, then, according to Ladenburg, the simple 
Stokes formula should be modified to read 

Arnold found that this formula held accurately in all of 
his experiments in whicli the walls had any influence on 
the motion. Thus he worked under conditions under 
which all of the first four assumptions underlying 
Stokes’s Law were taken care of. This made it possible 
for him to show that the law held rigorously when the 
fifth assumption was realized, and also to find by experi- 
ment the limits within which this last assumption might 
be considered as valid. Stokes had already found from 
theoretical considerations’ that the law would not hold 
unless the radius of the sphere were small in comparison 

with ^ , in which p is the density of the medium, rj its 

viscosity, and v the velocity of the sphere. This radius 
is called the critical radius. But it was not known how 
near it was possible to approach to the critical radius. 
Arnold’s experiments showed that the inertia of the 
medium has no appreciable effect upon the rate of 

^Ann. der Fhys., XXII (1907), 287; XXIII (1908), 447. 

® Math, and Phys, Papers^ HI, 59. 
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motion of a sphere so long as the radius of that sphere 
is less than , 6 of the critical radius. 

Application of this result, to the motion of our oil 
drops established the fact that even the very fastest 
drops which we ever observed fell so slowly tliat not 
even a minute error could arise because of the inertia of 
the medium. This meant that the fifth condition neces- 
sary to the application of Stokeses Law was fulfilled. 
Furthermore, our drops were so small that the second 
condition was also fulfilled, as was shown by the work of 
both Ladenburg and Arnold. The third condition was 
proved in the last chapter to be satisfied in our experi- 
ments. Since, therefore, Arnold^s work had shown very 
accurately that Stokeses Law does hold when all of the 
five conditions are fulfilled, the problem of finding a 
formula for replacing Stokes’s Law in the case of our 
oil-drop experiments resolved itself into finding in just 
what way the failure of assumptions i and 4 affected the 
motion of these drops. 

IV. CORRECTION OF STOKES’S LAW FOR INHOMOGE- 
3NEITIES IN THE MEDIUM 

The first procedure was to find how badly Stokes’s 
Law failed in the case of our drops. This was done by 
plotting the apparent value of the electron against the 
observed speed under gravity. This gave the curve 
shown in Fig. 4, which shows that though for very small 
speeds varies rapidly with the change in speed, for 
speeds larger than that corresponding to the abscissa 
marked 1,000 there is but a slight dependence of et on 
speed. This abscissa corresponds to a speed of . i cm. 
per second. We may then conclude that for drops which 
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are large enough to fall at a rate of i cm. in ten seconds 
or faster, Stokes’s Law needs but a small correction, 
because of the inhomogeneity of the air. 



To find an exact expression for this correction we may 
proceed as follows: The average distance which a gas 
molecule goes between two collisions with its neighbors, 
a quantity well known and measured with some approach 
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to precision in physics and called ''the mean free path’' 
of a gas molecule, is obviously a measure of the size of 
the holes in a gaseous medium. When Stokes’s Law 
begins to fail as the size of the drops diminish, it must 
be because the medium ceases to be homogeneous, as 
looked at from the standpoint of the drop, and this 
means simply that the radius of the drop has begun to 
be comparable with the mean size of the holes — a quan- 
tity which we have decided to take as measured by the 
mean free path L The increase in the speed of fall over 
that given by Stokes’s Law, when this point is reached, 

must then be some function of In other words, the 

correct expression for the speed Vx of a drop falling 
through a gas, instead of being 


2 . 
9 ^ 


as Arnold showed that it was when the holes were neg- 
ligibly small— as the latter are when the drop falls 
through a liquid — should be of the form 


(" 4 ) 

If we were in complete ignorance of the form of the func- 
tion / we could still express it in terms of a series of 
undetermined constants A, B,C, etc., thus 


and so long as the departures from Stokes’s Law were 
small as Fig. 4 showed them to be for most of our drops, 
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we could neglect the second-order terms in ~ and have 
therefore „ „ . / 


-(o— -p) I+-A 


Using this corrected form of Stokeses Law to combine 
with (9) (p. 20), we should obviously get the charge en 
in just the form in which it is given in (13), save that 
wherever a velocity appears in (13) we should now have 

V 

to insert in place of this velocity , . And since the 

1+ A-^ 
a 

velocity of the drop appears in the 3/2 power in (13), if 
we denote now by e the absolute value of the electron 
and by Ci, as heretofore, the apparent value obtained 
from the assumption of Stokes’s Law, that is, from the 
use of (13), we obtain at once 



(16) 


In this equation Ct can always be obtained from (13), 
while Z is a known constant, but e, A, and a are all 
unlcnown. If a can be found our observations permit 
at once of the determination of both e and A , as wiU be 
shown in detail under Section VI (see p. 105). 

However, the possibility of determining e if we know 
a can be seen in a general way without detailed analysis. 
For the determination of the radius of the drop is 
equivalent to finding its weight, since its density is 
known. That we can find the cliarge on the drop as 
soon as we can determine its weight is clear from the 
simple consideration that the velocity under gravity is 
proportional to its weight, while the velocity in a given 
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electrical field is proportional to the charge which it 
carries. Since we measure these two velocities directly, 
we can obtain either the weight, if we know the charge, 
or the charge, if we know the weight. (See equation 9, 
p. 70.) 

V. WEIGHING THE DROPLET 

The way which was first used for finding the weight 
of the drop was simply to solve Stokes’s uncorrected 
equation (ii) (p. 91) for a in the case of each drop. 
Since the curve of Fig. 4 shows that the departures from 
Stokes’s Law are small except for the extremely slow 
drops, and since a appears in the second power in (ii), it 
is clear that, if we leave out of consideration the very 
slowest drops, (ii) must give us very nearly the correct 
values of a. We can then find the approximate value 
of A by the method of the next section, and after it is 
found we can solve (15) for the correct value of a. This 
is a method of successive approximations which theo- 
retically yields a and A with any desired degree of pre- 
cision. As a matter of fact the whole correction term, 

^ - is a small one, so that it is never necessary to make 

more than two approximations to obtain a with much 
more precision than is needed for the exact evaluation 
of e. 

As soon as e was fairly accurately known it became 
possible, as indicated above, to make a direct weighing 
of extraordinarily minute bodies with great certainty 
and with a very high degree of precision. For we have 
already shown experimentally that the equation 



THE EXACT EVALUATION OF e 


103 


fs a correct one and it involves no assumption whatever 
as to the shape, or size, or material of the particle. If 
we solve this equation for the weight mg of the particle 
we get 



In this equation is known with the same precision as 
for we have learned how to count n. It will presently be 
shown that e is probably now known with an accuracy 
of one part in a thousand, hence mg can now be deter- 
mined with the same accuracy for any body which can 
be charged up with a counted number n of electrons and 
then pulled up against gravity by a known electrical 
field, or, if preferred, simply balanced against gravity 
after the manner used in the water-drop experiment and 
also in part of the oil-drop work.* This device is simply 
an electrical balance in place of a mechanical one^ and it 
will weigh accurately and easily to one tenAnllionth of a 
milligram. 

Fifty years ago it was considered tlie triumph of 
the instrument-maker’s art that a balance had been 
made so sensitive that one could weigh a piece of 
paper, then write his name with a hard pencil on the 
paper and determine the difference between tlie new 
weight and the old — that is, the weight of the name. 
This meant determining a weight as small as one-tenth 
or possibly one-hundredth of a milligram (a milligram is 
about 1/30,000 of an ounce). In about the year 1912 
Ramsay and Spencer, in London, by constructing a 
balance entirely out of very fine quartz fibers and placing 
it in a vacuum, succeeded in weighing objects as small 

* See PhU. Mag., XIX (iQio), 216; XXI (igii), 7S7* 
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as one-millionth of a milligram, that is, they pushed the 
limit of the weighable down about ten thousand times. 
The work which we are now considering pushed it down 
at least ten thousand times farther and made it possible 
to weigh accurately bodies so small as not to be visible 
at all to the naked eye. For it is only necessary to 
float such a body in the air, render it visible by reflected 
light in an ultra-microscope arrangement of the sort we 
were using, charge it electrically by the capture of ions, 
count the number of electrons in its charge by the method 
described, and then vary the potential applied to the 
plates or the charge on the body until its weight is just 
balanced by the upward pull of the field. The weight 
of the body is then exactly equal to tlie product of the 
known charge by the strength of the electric field. We 
made all of our weighings of our drops and the deter- 
mination of their radii in this way as soon as we had 
located e with a sufiScient degree of precision to warrant 
it.* Indeed, even before e is very accurately known it 
is possible to use such a balance for a fairly accurate 
evaluation of the radius of a spherical drop. For when 
we replace m in (i 8 ) by 4/3wa^((r“-p) and solve for a 
we obtain 




?>Fen 


Vi 


47r^((r-p) Vi+% 


(19) 


The substitution in this equation of an approximately 
correct value of e yields a with an error but one-third as 
great as that contained in the assumed value of e, for a 
is seen from this equation to vary as the cube root of e. 
This is the method which, in view of the accurate evalua- 

^ Fhys. Rev.f 11 (1913), 117. This paper was read before the 
Deutsche physikalische Gesellschaft in Berlin in June, 1912. 
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tion of Cj it is now desirable to use for the determination 
of tlie weight or dimensions of any minute body, for the 
method is quite independent of the nature of the body 
or of the medium in which it is immersed. Indeed, it 
constitutes as direct and certain a weighing of the body 
as though it were weighed on a mechanical balance. 

VI. THE EVALUATION OF 6 AND A 

I 

With 61 and - known, we can easily determine e and 
A from the equation 

for if we write this equation in the form 

ef =^1? (20) 

and then plot the observed values of as ordinates and 

the corresponding values of - as abscissae we should get 

a straight line, provided our corrected form of Stokeses 
Law (15) (p. loi) is adequate for the correct representa- 
tion of the phenomena of fall of the droplets within the 

range of values of “ in which the experiments lie. If no 

such linear relation is found, then an equation of the form 
of (15) is not adequate for the description of the phe- 
nomena within tliis range. As a matter of fact, a linear 
relation was found to exist for a much wider range of 

values of - than was anticipated would be the case. The 

CL 
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intercept of this line on the axis of ordinates, that is, the 
value of Cx when - = o is seen from (20) to be and we 

(h 

have but to raise this to the 3/2 power to obtain the 
absolute value of e. Again, A is seen from (20) to be 
merely the slope of this line divided by the intercept on 
the e 3 axis. 

In order to carry this work out experimentally it is 

I 

necessary to vary - and find the corresponding values 

of ei. This can be done in two ways. First, we may 
hold the pressure constant and choose smaller and 
smaller drops with which to work, or we may work with 
drops of much the same size but vary the pressure of 
the gas in which our drops are suspended, for the mean 
free path I is e\ddently inversely proportional to the 
pressure. 

Both procedures were adopted, and it was found that 
a given value of ei always corresponded to a given value 
I 

of no matter whether I was kept constant and a 

d 

reduced to, say, one-tenth of its first value, or a kept about 
the same and I multiplied tenfold. The result of one 
somewhat elaborate series of observations which was 
first presented before the Deutsche physikalische Gesell- 
schaft in June, 1912, and again before the British Asso- 
ciation at Dundee in September, 1912,^ is shown in 
Figs. 5 and 6. The numerical data from which these 
curves are plotted are given fairly fully in Table IX. 
It will be seen that this series of observations embraces 
a study of 58 drops. These drops represent aU of those 
studied for 60 consecutive days, no single one being 

* Phys, Rev,^ II (1913), 136. 
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omitted. They represent a thirty-fold variation in - 

(from .016, drop No. i, to .444, drop No. 58), a seven- 
teen-fold variation in the pressure p (from 4.46 cm., 
drop No. 56, to 76.27 cm., drop No. 10), a twelvefold 
variation in a (from 4.69Xio~5 cm., drop No. 28, to 
58.56X10"® cm., drop No. i), and a variation in the 



Fig. 7 

number of free electrons carried by tlie drop from i on 
drop No. 28 to 136 on drop No. 56. 

The experimental arrangements are shown in Fig. 7. 
The brass vessel D was built for work at all pressures up 
to IS atmospheres, but since the present observations 
have to do only with pressures from 76 cm. down, these 
were measured with a very carefully made mercury ma- 
nometer m, which at atmospheric pressure gave precisely 
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the same reading as a standard barometer. Complete 
stagnancy of the air between the condenser plates M 
and N was attained, first, by absorbing all of the heat 
rays from the arc A by means of a water cell w, 8o cm,, 
long, and a cupric chloride cell d, and, secondly, by 
immersing the whole vessel D in a constant temperature 
bath G of gas-engine oil (40 liters), which permitted, in 
general, fluctuations of not more than .02° C. during an 
observation. This constant-temperature bath was found 
essential if such consistency of measurement as is shown 
here was to be obtained. A long search for causes of 
slight irregularity revealed nothing so important as this, 
and after the bath was installed all of the irregularities 
vanished. The atomizer A was blown by means of a 
puff of carefully dried and dust-free air introduced 
through cock e. The air about the drop p was ionized 
when desired, or electrons discharged directly from the 
drop, by means of Rontgen rays from X, which readily 
passed through the glass window g. To the three win- 
dows g (two only are shown) in the brass vessel D corre- 
spond, of course, three windows in the ebonite strip c, 
which encircles the condenser plates M and N. Through 
the third of these windows, set at an angle of about 28° 
from the line Xpa and in the same horizontal plane, the 
oil drop is observed through a short-focus telescope hav- 
ing a scale in the eyepiece to make possible the exact 
measurement of the speeds of the droplet-star. 

In plotting the actual observations I have used the 


reciprocal of the pressure - in place of /, for the reason 
that I is a theoretical quantity which is necessarily pro- 
portional to -p , while p is the quantity actually measured. 
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This amounts to writing the correction- term to Stokes’s 

Law in the form { instead of in the form and 

\ paj a 

considering b the undetermined constant which is to be 

evaluated, as was A before, by dividing the slope of our 

line by its 3;-intercept. 

Nevertheless, in view of the greater ease of visualiza- 

I 

tion of - all the values of this quantity corresponding 

to successive values of ^ are given in Table IX. Fig. 5 

shows the graph obtained by plotting the values of ei 

against ~ for the first 51 drops of Table IX, and Fig. 6 

shows the extension of this graph to twice as large values 

of “ and et. It will be seen that there is not the slightest 
pa 

indication of a departure from a linear relation between 
I I 

fii and — up to the value — = 620.2, which corresponds 

to a value of - of .4439 (see drop No. 58, Table IX). 
a 

Furthermore, the scale used in the plotting is such that 
a point which is one division above or below the line in 
Fig. 5 represents in the mean an error of 2 in 700. It 
will he seen from Figs. 5 and 6 that there is hut one drop 
in the 5<S whose departure from the line amounts to as 
much as 0,5 per cent. It is to he remarked^ too, that this 
is not a selected group of drops, hut represents all of the 
drops experimented upon during 60 consecutive days, dur- 
ing which time the apparatus was taken down several 
times and set up anew. It is certain, then, that an 
equation of die form (15) holds very accurately up to 
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-5=. 4. The last drop of Fig. 6 seems to indicate the 

d 

beginning of a departure from this linear relationship. 
Since such departure has no bearing upon tlie evaluation 
of Cf discussion of it will not be entered into here, although 
it is a matter of great interest for the molecular theory. 

Attention may also be called to the completeness of 
the answers furnished by Figs. $ and 6 to the question 
raised in chap, iv as to a possible dependence of the drag 
which the medium exerts on the drop upon the amount 
of the latter^s charge; also, as to a possible variation of 
the density of the drop with its radius. Thus drops 

Nos. 27 and 28 have practically identical values of 

but while No. 28 carries, during part of the time, but 
I unit of charge (see Table IX), drop No. 27 carries 
29 times as much and it has about 7 times as large a 
diameter. Now, if the small drop were denser than the 
large one, or if the drag of the medium upon the heavily 
charged drop were greater than its drag upon the one 
lightly charged, then for both these reasons drop No. 27 
would move more slowly relatively to drop No. 28 
than would otherwise be the case, and hence ex for drop 
No. 27 would fall below ex for drop No. 28. Instead of 
this the two ex fall so nearly together that it is impossible 
to represent them on the present scale by two separate 
dots. Drops Nos. 52 and 56 furnish an even more 
striking confirmation of the same conclusion, for both 

drops have about the same value for - and both are 

exactly on the line, though drop No. 56 carries at one 
time 68 times as heavy a charge as drop No. 52 and has 
three times as large a radius. In general, the fact that 
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Figs. 5 and 6 show no tendency whatever on the part of 
either the very small or the very large drops to fall above 
or below the line is experimental proof of the joint cor- 
rectness of the assumptions of constancy of drop-density 
and independence of drag of the medium on the charge 
on the drop. 

The values of ef and b obtained graphically from the 
y-intercept and the slope in Fig. 5 are 6^ = 61.13X10""® 
and b= .000625, p being measured, for the purposes of 
Fig. 5 and of this computation in centimeters of tig at 
23° C. and a being measured in centimeters. The value 
of A in equations 15 and 16 (p. toi) corresponding to this 
value of 6 is . 874. 

Instead, however, of taking the result of this graphical 
evaluation of 6, it is more accurate to reduce each of tlie 
observations on 61 to e by means of the foregoing value 
of b and the equation 

The results of this reduction are contained in the last 
column of Table IX. These results illustrate very 
clearly the sort of consistency obtained in these observa- 
tions. The largest departure from the mean value found 
anywhere in the table amounts to 0.5 per cent and 
probable err or of the final mean value computed in the 
usual way is 16 in 61 poo. 

Instead, however, of using this final mean value as 
the most reliable evaluation of 6, it was thought prefer- 
able to make a considerable number of observations at 
atmospheric pressure on drops small enough to make t^ 
determinable with great accuracy and yet large enough 
so that the whole correction term to Stokes's Law 



ii6 


THE ELECTRON 


amounted to but a small percentage, since in this case, 
even tliough there might be a considerable error in the 
correction-term constant h, such error would influence 
the final value of e by an inappreciable amount. The 
first 23 drops of Table IX represent such observations. 
It will be seen that they show slightly greater consistency 
than do the remaining drops in the table and that the 
correction-term reductions for these drops all lie between 
1 . 3 per cent (drop No. i) and 5 . 6 per cent (drop No. 23), 
so that even though b were in error by as much as 3 per 
cent (its error is actually not more than 1.5 per cent), e 
would be influenced by that fact to the extent of but 
o. I per cent. The mean value of obtained from the 
first 23 drops is 61 . 12X10“*^, a number which differs by 
I part in 3,400 from the mean obtained from all the 
drops. 

When correction is made for the fact that the num- 
bers in Table IX were obtained on the basis of the 
assumption 77=. 0001825, instead of 77=. 0001824 (see 
Section II), which was the value of 7723 chosen in 1913 
when this work was first published, the final mean value 
of ei obtained from the first 23 drops is 61.085X10“^. 
This corresponds to 

e=4.774Xio~^® electrostatic units. 

I have already indicated that as soon as e is known it 
becomes possible to find with the same precision which 
has been attained in its determination the exact number 
of molecules in a given weight of any substance, the 
absolute weight of any atom or molecule, the average 
kinetic energy of agitation of an atom or molecule at 
any temperature, and a considerable number of other 
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important molecular and radioactive constants. In 
addition, it has recently been found that practically all 
of the important radiation constants like the wave- 
lengths of X-rays, Planck's A, the Stefan-Boltzmann 
constant o*, the Wien constant etc., depend for their 
most reliable evaluation upon the value of e. In a word, 
e is increasingly coming to be regarded, noi only as the 
most fundamental of physical or chemical constants, but also 
the one of most supreme importance for the solution of the 
numerical problems of modern physics. It seemed worth 
while, therefore, to drive the method herewith developed 
for its determination to the limit of its possible pre- 
cision. Accordingly, in 1914 I built a new condenser 
having surfaces which were polished optically and made 
flat to within two wave-lengths of sodium light. These 
were 22 cm. in diameter and were separated by 3 pieces 
of echelon plates, 14.9174 mm. thick, and all having opti- 
cally perfect plane-parallel surfaces. The dimensions of 
the condenser, therefore, no longer introduced an uncer- 
tainty of more than about i part in 10,000. The volts 
were determined after each reading in terms of a Weston 
standard cell and are uncertain by no more than i part 
in 3,000. The times were obtained from an exception- 
ally fine printing chronograph built by William Gaertner 
& Co. It is controlled by a standard astronomical 
clock and prints directly the time to hundredths of a 
second. All the other elements of the problem were 
looked to with a care which was the outgrowth of five 
years of experience with measurements of this kind. 
The present form of the apparatus is shown in diagram 
in Fig. 8, and in Fig. 9 is shown a photograph taken 
before the enclosing oil tank had been added. This work 
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was concluded in August, 1916, and occupied the better 
part of two years of time. The final table of results and 
the corresponding graph are given in Table X and in 
Fig. 10. The final value of ^ computed on the basis 
772^= .0001824 is seen to be now 61.126X10“^ instead 
of 61.085, or .07 per cent higher than the value found 
in 1913. But Dr. Harrington’s new value of 7723, namely, 
.00018226, is more reliable than the old value and is 
lower than it by . 07 per cent. Since rj appears in the 
first power in e*, it will be seen that the new value* of e, 
determined with new apparatus and with a completely 
new determination of all the factors involved, comes out 
to the fourth place exactly the same as the value pub> 
lished in 1913, namely, 4.774X10-*° old international 
electrostatic units. In view of new determinations both 
c and of the ohm this now corresponds to ^ = 4.770 
absolute electrostatic units. The corresponding values 
of h and A are now .000617 and .863, respectively. 

Since in 1934 steps are on foot to again fix the value 
of the Faraday constant by international agreement, this 
time at 9,648.9 absolute electromagnetic units, and since 
this is the number N of molecules in a gram molecule 
times the elementary electrical charge, we have 

N X 4 . 7 70 X io“*° = 9,648 .9X2.99778X 

j\r = 6 . 064X1 0=^3 

Although the probable error in this number computed by 
the method of least squares from Table X is but one part 
in 4,000, it would be erroneous to infer that e and N are 
now known with that degree of precision, for there are 

^ See MiUikan, Phil Mag., June, 1917; Phys. Rev., XXXV (1930), 
1231. 

“At. wt. of Ag. = 107.880; electrochem. eq^t. of Ag.— 0.0111805. 
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four constant factors entering into all of the results in 
Table X and introducing uncertainties as follows: The 
coefficient of viscosity rj which appears in the 3/2 power 
introduces into e and N a maximum possible uncertainty 
of less than o. i per cent, say 0.07 per cent. The cross- 
hair distance which is uniformly duplicatable to one 
part in two thousand appears in the 3/2 power and 
introduces an uncertainty of no more than 0.07 per 
cent. All the other factors, such as the volts and the 
distance between the condenser plates, introduce errors 
which are negligible in comparison. The uncertainty in 
e and N is then that due to two factors, each of which 
introduces a maximum possible uncertainty of about 
0.07 per cent. Following the usual procedure, we may 
estimate the uncertainty in e and N as the square root 
of the sum of the squares of these two uncertainties, 
that is, as about one part in 1000. We have tlien: 

6 = 4, 770 ± .005X10^^° 
iV = 6 .064+ .006X10^^ 

Perhaps these numbers have little significance to the 
general reader who is familiar with no electrical units save 
those in which his monthly light bills are rendered. If 
these latter seem excessive, it may be cheering to reflect 
that the number of electrons contained in the quantity of 
electricity which courses every second through a common 
sixteen-candle-power electric-lamp filament, and for 
which we pay 1/ 100,000 of i cent, is so large that if all 
the two and one-half million inhabitants of Chicago were 
to begin to count out these electrons and were to keep on 
counting them out each at the rate of two a second, and 
if no one of them were ever to stop to eat, sleep, or die, 
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it would take them just twenty thousand years to finish 
the task. 

Let us now review, with Figs, s and lo before us, the 
essential elements in the measurement of e. We dis- 
cover, first, that electricity is atomic, and we measure the 
electron in terms of a characteristic speed for each drop- 
let, To reduce these speed units to electrical terms, and 
thus obtain an absolute value of e, it is necessary to know 
how in a given medium and in a given field the speed due 
to a given charge on a drop is related to the size of the 
drop. This we know accurately from Stokes’s theory 
and Arnold’s experiments when the holes in the medium, 

that is, when the values of - are negligibly small, but 

CL 

I . 

when - is large we know nothing about it. Consequently 

d 


there is but one possible way to evaluate e, namely, to find 
experimentally how the apparent value of e, namely, Ci 

I I 

varies with ” ^ from the graph of this relation to 

^ lx 

find what value ei approaches ^ ^ approaches zero. 

So as to get a linear relation we find by analysis that we 

must plot instead of e^ against - or — . We then get 

a pa ^ 

e from the intercept of an experimentally determined 
straight line on the y-axis of our diagram. This whole 
procedure amounts simply to reducing our drop- 
velocities to what they would be if the pressure were so 


large or — so small that the holes in the medium were all 

closed up. For this case and for this case alone we hnow 
both from Stokes’s and Arnold’s work exactly the law of 
motion of the droplet. 



CHAPTER VI 


THE MECHANISM OF IONIZATION OF GASES BY 
X-RAYS AND RADIUM RAYS 

I. EARLY EVIDENCE 

Up to the year 1908 the only experiments which threw 
any light whatever upon the question as to what the act 
of ionization of a gas consists in were those performed 
by Townsend^ in 1900, He had concluded from the 
theory given on p. 34 and from his measurements on the 
diffusion coefficients and the mobilities of gaseous ions 
that both positive and negative ions in gases carry unit 
charges. This conclusion was drawn from the fact that 

the value of ne in the equation ne=-^ came out about 

1 . 23 X 10^® electrostatic units, as it does in the electrolysis 
of hydrogen. 

In 1908, however, Townsend"* devised a method of 

measuring directly the ratio ^ and revised his original 

conclusions. His method consisted essentially in driving 
ions by means of an electric field from the region between 
two plates A and B (Fig. ii), where they had been pro- 
duced by the direct action of X-rays, through the gauze 
in jB, and observing what fraction of these ions was driven 
by a field established between the plates B and C to the 
central disk D and what fraction drifted by virtue of 
diffusion to the guard-ring C. 

^ Phil Trans., CXCIII (1900), 129. 

^ Proc. Roy. Soc., LXXX (1908), 207. 
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By this method Townsend found that m for the 
negative ions was accurately 1.23X10'% but for the 
positive ions it was 2. 41X10'''. From these results 
the conclusion was drawn that in X-ray ionization all of 
the positive ions are bivalent, i.e., presumably, that the 
act of ionization by X-rays consists in the detachment 
from a neutral molecule of two elementary electrical 
charges. 

A 

B 

C 

D 

Fig. II 

Townsend accounted for the fact that his early ex- 
periments had not sho^ this high value of ne for the 
positive ions by the assumption that by the time the 
doubly charged positive ions in these experiments had 
reached the tubes in which D was measured, most of 
them had become singly charged through drawing to 
themselves the singly charged negative ions with which 
they were mixed. This hypothesis found some justifica- 
tion in the fact that in the early experiments the mean 
value of ne for the positive ions had indeed come out 
some 15 or 20 per cent higher than 1.23X10'" — a dis- 
crepancy which had at first been regarded as attributable 
to experimental errors, and which in fact might well be 
attributed to such errors in view of the discordance 
between the observations on different gases, 

Franck and Westphal,' however, in 1909 redeter 
mined ne by a slight modification of Townsend's original 
method, measuring both v' and D independently, and 

* Vcrh. deutsch. phys. Ges.^ March 5, 1909, 
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not only found, when the positive and negative ions are 
separated by means of an electric field so as to render 
impossible such recombination as Townsend suggested, 
that D was of exactly the same value as when they were 
not so separated, but also that ne for the positive ions pro- 
duced by X-rays was but i . 4X 10^® instead of 2 . 41 X 10*®. 
Since this was in fair agreement with Townsend^s original 
mean, the authors concluded that only a small fraction — 
about 9 per cent — of the positive ions formed by X-rays 
are doubles, or other multiples, and the rest singles. In 
their experiments on the ionization produced by a-rays, 
/3-rays, and 7-rays, they found no evidence for the 
existence of doubly charged ions. 

In summarizing, then, the work of these observers 
it could only be said that, although both Townsend and 
Franck and Westphal drew the conclusion that doubly 
charged ions exist in gases ionized by X-rays, there were 
such contradictions and uncertainties in their work as 
to leave the question unsettled. In gases ionized by 
other agencies than X-rays no one had yet found any 
evidence for the existence of ions carrying more than a 
single charge, except in the case of spark discharges from 
condensers. The spectra of these sparks revealed cer- 
tain lines called enhanced lines which were thought to be 
due to doubly ionized atoms. Whether, however, these 
multiple charges were produced by a single ionizing act 
or by successive acts was completely unknown. 

II. OIL-DROP EXPERIMENTS ON VALENCY IN 
GASEOUS IONIZATION 

The oil-drop method is capable of furnishing a direct 
and unmistakable answer to the question as to whether 
the act of ionization of a gas by X-rays or other agencies 
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consists in the detachment of one, of several, or of many 
electrons from a single neutral molecule. For it makes 
it possible to catch the residue of such a molecule prac- 
tically at the instant at which it is ionized and to count 
directly the number of charges carried by that residue. 
The initial evidence obtained from this method seemed 
to favor the view that the act of ionization may consist 
in the detachment of quite a number of electrons from a 
single molecule, for it was not infrequently observed 
that a balanced oil drop would remain for several seconds 
unchanged in charge while X-rays were passing between 
the plates, and would then suddenly assume a speed 
which corresponded to a change of quite a number of 
electrons in its charge. 

It was of course recognized from the first, however, 
that it is very difficult to distinguish between the prac- 
tically simultaneous advent upon a drop of two or three 
separate ions and the advent of a doubly or trebly 
charged ion, but a consideration of the frequency with 
which ions were being caught in the experiments under 
consideration, a change occurring only once in, say, lo 
seconds, seemed at first to render it improbable that the 
few double, or treble, or quadruple catches observed when 
the field was on could represent the simultaneous advent 
of separate ions. It was obvious, however, that the ques- 
tion could be conclusively settled by working with 
smaller and smaller drops. For the proportion of double 
or treble to single catches made in a field of strength 
between i,ooo and 6,000 volts per centimeter should be 
independent of the size of the drops if the doubles are 
due to the advent of doubly charged ions, while this 
proportion should decrease with the square of the radius 
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of the drop if the doubles are due to the simultaueous 
capture of separate ions. 

Accordingly, Mr. Harvey Fletcher and the author/ 
suspended, by the method detailed in the preceding 
chapter, a very small positively charged drop in the 
upper part of the field between M and N (Fig. 12), 
adjusting either the charge upon the drop or the field 
strength until the drop was nearly balanced. We then 
produced beneath the drop a sheet of X-ray ionization. 
With the arrangement shown in the figure, in which M 



Fig. 12 

and N are the plates of the condenser previously de- 
scribed, and L and V are thick lead screens, the positive 
ions are thrown, practically at the instant of formation, 
to the upper plate. When one of them strikes the drop 
it increases the positive charge upon it, and the amount 
of the charge added by the ion to the drop can be com- 
puted from the observed change in the speed of the drop. 

For the sake of convenience in the measurement of 
successive speeds a scale containing 70 equal divisions 
was placed in the eyepiece of the observing cathetometer 
telescope, which in these experiments produced a 

^ FUl Mag., XXIIt (1911), 7S3. 
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magnification of about 15 diameters. The method of pro- 
cedure was, in general, first, to get the drop nearly 
balanced by shaking off its initial charge by holding a 
little radium near the observing chamber, then, with a 
switch, to throw on the X-rays until a sudden start in 
the drop revealed the fact that an ion had been caught, 
then to throw off the rays and take the time required 
for it to move over 10 divisions, then to throw on the 
rays until another sudden quickening in speed indicated 
the capture of another ion, then to measure this speed 
and to proceed in this way without throwing off the field 
at all until the drop got too close to the upper plate, when 
the rays were thrown off and the drop allowed to fall 
under gravity to the desired distance from the upper 
plate. In order to remove the excess of positive charge 
which the drop now had because of its recent captures, 
some radium was brought near the chamber and the 
field thrown off for a small fraction of a second. As 
explained in preceding chapters, ions are caught by the 
drop many times more rapidly when the field is off than 
when it is on. Hence it was in general an easy matter 
to bring the positively charged drop back to its balanced 
condition, or indeed to any one of the small number of 
working speeds which it was capable of having, and then 
to repeat the series of catches described above. In this 
way we kept the same drop under observation for hours 
at a time, and in one mstance we recorded 100 successive 
captures of ions by a given drop, and determined in each 
case whether the ion captured carried a single or a 
multiple charge. 

The process of making this determination is exceed- 
ingly simple and very reliable. For, since electricity is 
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atomic in structure, there are only, for example, three 
possible speeds which a drop can have when it carries 
I, 2, or 3 elementary charges, and it is a perfectly simple 
matter to adjust conditions so that these speeds are of 
such different values that each one can be recognized 
unfailingly even without a stop-watch measurement. 
Indeed, the fact that electricity is atomic is in no way 
more beautifully shown than by the way in which, as 
reflected in Table XI, these relatively few possible work- 
ing speeds recur. After all the possible speeds have 
been located it is only necessary to see whether one of 
them is ever skipped in the capture of a new ion in 
order to know whether or not that ion was a double. 
Table XI represents the results of experiments made 
with very hard X-rays produced by means of a powerful 
1 2 -inch Scheidel coil, a mercury- jet interrupter, and a 
Scheidel tube whose equivalent spark-length was about 
5 inches. No attempt was made in these experiments to 
make precise determmations of speed, since a high degree 
of accuracy of measurement was not necessary for the 
purpose for which the investigation was undertaken. 
Table XI is a good illustration of the character of the 
observations. The time of the fall under gravity recorded 
in the column headed varies slightly, both because 
of observational errors and because of Brownian move- 
ments. Under the column headed “V’ are recorded the 
various observed values of the times of rise through 10 
divisions of the scale in the eyepiece. A star (*) after an 
observation in this column signifies that the drop was 
moving with gravity instead of against it. The pro- 
cedure was in general to start with the drop either 
altogether neutral (so that it fell when the field was on 
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with tiie same speed as when the field was off), or having 
one single positive charge, and then to throw on positive 

TABLE XI 

Plate Distance i .6 cm. Distance of FaU .0975 cm. Volts 1,015. 
Temperature 23“ C. Radius of Drop .000063 cm- 
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charges until its speed came to the 6.0 second value, 
then to make it neutral again with the aid of radium, 
and to begin over again. 

It will be seen from Table XI that in 4 cases out of 44 
we caught negatives, although it would appear from the 
arrangement shown in Fig. 12 that we could catch only 
positives. These negatives are doubtless due to second- 
ary rays which radiate in all directions from the air 
molecules when these are subjected to the primary X-ray 
radiation. 

Toward the end of Table XI is an interesting series 
of catches. At the beginning of this series, the drop 
was charged with 2 negatives which produced a speed 
in the direction of gravity of 6 . 5 seconds. It caught in 
succession 6 single positives before thefield was thrown off. 
The corresponding times were 6.5*, 10*, 20*, 100, 15.5, 
8.0, 6.0. The mean time during which the X-rays had 
to be on in order to produce a catch” was in these 
experiments about six seconds, though in some instances 
it was as much as a minute. The majority of the times 
recorded in column tp were actually measured with a 
stop watch as recorded, but since there could be no 
possibility of mistaking the loo-second speed, it was 
observed only four or five times. It will be seen from 
Table XI that out of 44 catches of ions produced by 
very hard X-rays there is not a single double. As a 
result of observing from 500 to 1,000 catches in the man- 
ner illustrated in Table XI, we came to the conclusion 
that, although we had entered upon the investigation 
with the expectation of proving the existence of valency 
in gaseous ionization, we had instead obtained direct^ 
unmistakable evidence that the act of ionization of air 
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molecules by loth primary and secondary X-rays of widely 
varying degrees of hardness ^ as well as by /3- and y-rays^ 
uniformly consists ^ under all the conditions which we were 
able to investigate^ in the detachment from a neutral molecule 
of one single elementary electrical charge. 


in. RECENT EVIDENCE AS TO NATURE OF IONIZATION 
PRODUCED BY ETHER WAVES 


Although Townsend and Franck and Westphal dis- 
sented from the foregoing conclusion, all the evidence 
which has appeared since has tended to confirm it. Thus 
Salles,* using a new method due to Langevin of measuring 


directly the ratio 



of the mobility to the diffusion 


coefficient, concluded that when the ionization is produced 
by 7-rays there are no ions bearing multiple charges. 
Again, the very remarkable photographs (see plate 
opposite p. 190) taken by C. T. R. Wilson in the 
Cavendish Laboratory of the tracks made by the passage 
of X-rays through gases show no indication of a larger 
number of negatively than of positively charged droplets. 
Such an excess is to be expected if the act of ionization 
ever consists in these experiments in the detachment of 
two or more negative electrons from a neutral molecule. 
Further, if the initial act of ionization by X-rays ever 
consists in the ejection of two or more corpuscles from 
a single atom, there should appear in these Wilson pho- 
tographs a rosette consisting of a group of zigzag lines 
starting from a common point. A glance at the plate 
opposite p. 192 shows that this is not the case, each 
zigzag line having its own individual starting-point. 


Radium, X (1913), 1x3, no. 
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There are two other types of experiments which 
throw light on this question. 

When in the droplet experiments the X-rays are 
allowed to fall directly upon the droplet, we have seen 
that they detach negative electrons from it, and if the 
gas is at so low a pressure that there is very little chance 
of the capture of ions by the droplet, practically all of 
its changes in charge have this cause. Changes produced 
under these conditions appear, so far as I have yet been 
able to discover, to be uniformly unit changes. Also, 
when the changes are produced by the incidence on the 
droplet of ultra-violet light, so far as the experiments 
which have been carried out by myself or my pupils go, 
they usually, though not always, have appeared to cor- 
respond to the loss of one single electron. The same 
seems to have been true in the experiments reported by 
A. Joff6,^ who has given this subject careful study. 

Meyer and Gerlach,® it is true, seem very often to 
observe changes corresponding to the simultaneous loss 
of several electrons. It is to be noted, however, that 
their drops are generally quite heavily charged, carrying 
from 10 to 30 electrons. Under such conditions the loss 
of a single electron makes but a minute change in speed, 
and is therefore likely not only to be unnoticed, but to 
be almost impossible to detect until the change has become 
more pronounced through the loss of several electrons. This 
question^ then., can be studied reliably only when the field is 
powerful enough to hold the droplet balanced with only one 
or two free electrons upon it. Experiments made under 
such conditions with my apparatus by both Derieux^ and 

* Sitzun^sber. d. k. Bayerischen Akad. d. TFwy. (1913), p. 19. 

• Ann. d. Phys.,XLY, 177; XLVII, 227. ^Phys. Rev., X (1918), 283. 
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Kelly^ show quite conclusively that the act of photo- 
einission under the influence of ultra-violet light consists 
in the ejection of a single electron at each emission. 

Table XII contains one series of observations of this 
sort taken with my apparatus by Mr. P. I. Pierson. The 
first column gives the volts applied to the plates of the 
condenser shown in Fig. 7, p. in. These were made 
variable so that the drop might always be pulled up with 
a slow speed even though its positive charge were con- 
tinually increasing. The second and third columns give 
the times required to move i cm. under gravity and under 
the field respectively. The fourth column gives the time 
intervals required for the drop to experience a change in 
charge under the influence of a constant source of ultra- 
violet light — a quartz mercury lamp. The fifth column 
gives the total charge carried by the drop computed from 
equation (12), p. 91. The sixth column shows the change 
in charge computed from equation (10), p. 70. This is 
seen to be as nearly a constant as could be expected in 
view of Brownian movements and the inexact measure- 
ments of volts and times. The mean value of is seen 
to be 5.1X10-^®, which yields with the aid of equation 
(16), p. loi, after the value of A found for oil drops has 
been inserted, 6=4.77X10-^®, which is in better agree- 
ment with the result obtained with oil drops than we 
had any right to expect. In these experiments the light 
was weak so that the changes come only after an average 
interval of 29 seconds and it will be seen that they are all 
unit changes. 

So long, then, as we are considering the ionization of 
neutral atoms through the absorption of an ether wave 

‘ Phys Rev., XVI (1920), 260. 
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of any kind, the evidence at present available indicates 
that the act always consists in the detachment from the 


TABLE xn 

MERcnity Droplet op Radtos a = 8 X 10-® Cm. Discharging 
Electrons under the Ineluence of Ultra-Violet Light 



atom of one single negative electron, the ener^ with 
which this electron is ejected from the atom depending, as 
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we shall see in chap, x, in a very definite and simple way 
upon the frequency of the ether wave which ejects it. 

IV. IONIZATION BY /S-RAYS 

When the ionization is due to the passage of jS-rays 
through matter, the evidence of the oil-drop experiments 
as well as that of C. T. R. Wilson’s experiments (see 
chap, ix) on the photographing of the tracks of the 
0-rays is that here, too, the act consists in the detachment 
of one single electron from a single atom. This experi- 
mental result is easy to understand in the case of the 
0-rays, when it is remembered that Wilson’s photo- 
graphs prove directly the fact, long known from other 
types of evidence, that a 0-ray, in general, ionizes but a 
very minute fraction of the number of atoms through 
which it shoots before its energy is expended. If, then, 
its chance, in shooting through an atom, of coming near 
enough to one of the electronic constituents of that atom 
to knock it out is only one in a hundred or one in a 
thousand, then its chance of getting near enough to 
two electronic constituents of the same atom to knock 
them both out is likely to be negligibly small. The 
argument here rests, however, on the assumption that 
the electrons within the atom are independent of one 
another, which is not necessarily the case, so that the 
matter must be decided after all solely by experiment. 

The difference between the act of ionization when 
produced by a 0-ray and when produced by an ether 
wave seems, then, to consist chiefly in the difference in 
the energy with which the two agencies hurl the elec- 
tron from its mother atom. Wilson’s photographs show 
that 0-rays do not in general eject electrons with appre- 
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ciable speeds, while ether waves may eject them with 
tremendous energy. Some of Wilson’s photographs 
showing the effect of passing X-rays through air are 
shown in the most interesting plate opposite p. 192, 
The original X-rays have ejected electrons with great 
speeds from a certain few of the atoms of the gas, and 
it is the tracks of these electrons as they shoot through 
the atoms of the gas, ionizing here and there as they 
go, which constitute the wiggly lines shown in the photo- 
graph. Most of the ionization, then, which is produced 
by X-rays is a secondary effect due to the negative elec- 
trons, i.e., the jS-rays which the X-rays eject. If these 
/3-rays could in turn eject electrons with ionizing speeds, 
each of the dots in one of these jS-ray tracks would be 
the starting-point of a new wiggly line like the original 
one. But such is not the case. We may think, then, 
of the iS-rays as simply shaking loose electronic dust 
from some of the atoms through which they pass while we 
think of the X-rays as taking hold in some way of the 
negative electrons within an atom and hurling them out 
with enormous energy. 

V. IONIZATION BY a-RAYS 

But what happens to the electronic constituents of 
an atom when an a-particle, that is, a helium atom, 
shoots through it? Some of Bragg’s experiments and 
Wilson’s photographs show that the a-particles shoot 
in straight lines through from 3 to 7 cm. of air before 
they are brought to rest. We must conclude, then, that 
an atom has so loose a structure that another atom, ij 
endowed with enough speed, can shoot straight through it 
without doing anything more than, in some instances, to 
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shake off from that atom an electron or two. The tracks 
shown in Figs. 14 and 15, facing p. 190, are Wilson photo- 
graphs of the tracks of the a-particles of radium. They 
ionize so many of the atoms through which they pass that 
the individual droplets of water which form about the 
ions produced along the path of the ray, and which are 
the objects. really photographed, are not distinguishable 
as individuals. The sharp changes in the direction of 
the ray toward the end of the path are convincing evi- 
dence that the a-particle actually goes through the 
atoms instead of pushing them aside as does a bullet. 
For if one solar system, for example, endowed with a 
stupendoukspeed, were to shoot straight through another 
similar system, but without an actual impact of their 
central bodies, the deflection from its straight path which 
the first system experienced might be negligibly small if 
its speed were high enough^ and that for the simple reason 
that the two systems would not be in each other’s 
vicinity long enough to produce a deflecting effect. In 
technical terms the time integral of the force would be 
negligibly small. The slower the speed, however, the 
longer this time, and 'hence the greater the deflection. 
Thus it is only when the a-particle shown in Fig. 15 has 
lost most of its velocity — ^i.e., it is only toward the end of 
its path — that the nuclei of the atoms through which it 
passes are able to deflect it from its straight path. If it 
pushed the molecules aside as a bullet does, instead of 
going through them, the resistance to its motion would 
be greatest when the speed is highest. Now, the facts 
are just the opposite of this. The a-particle ionizes 
several times more violently toward the end of its path 
than toward the beginning, and it therefore loses energy 
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more rapidly when it is going slowly than when it is 
going rapidly. Further, it is deflected more readily, 
then, as the photograph shows. All of this is just as it 
should be if the a-particle shoots straight through the 
molecules in its path instead of pushing them aside. 

These photographs of Wilson’s are then the most 
convincing evidence that we have that the atom is a sort 
of miniature stellar system with constituents which are 
unquestionably just as minute with respect to the total 
volume occupied by the atom as are the sun and planets 
and other constituents of the solar system with respect 
to the whole volume inclosed within the confines of this 
system. When two molecules of a gas are going as 
slowly as they are in the ordinary motion of thermal 
agitation, say a mile a second, when their centers come 
to within a certain distance — about 0.2 inpL (millionths of 
a millimeter) — they repel one another and. so the two 
systems do not interpenetrate. This is the case of an 
ordinary molecular collision. But endow one of these 
molecules with a large enough energy and it will shoot 
right through the other, sometimes doubtless without so 
much as knocking out a single electron. This is the case 
of an a-particle shooting through air. 

But the question to which we are here seeking an 
answer is, does an individual a-particle ever knock more 
than one electron from a single atom or molecule through 
which it passes, so as to leave that atom doubly or trebly 
charged? The oil-drop method used at low pressures* 
has given a very definite answer to this question, fn no 
gas or vapor except helium, which we have as yet tried, is 
there any certain evidence that an individual a-ray in 

* Rays of Positive Electricity (1913), p. 46. 
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shooting through an atom is able to remove from that atom 
more than one single electron at a time. 

The foregoing result has been obtained by shooting the 
a-rays from polonium through a rarefied gas in an oil- 
drop apparatus of the type sketched in Fig. 12, catching 
upon a balanced oil drop the positively charged residue of 
one of the atoms thus ionized, and counting, by the 
change in speed imparted to the droplet, the number of 
electrons which were detached from the captured atom 
by the passage of the a-ray through or near it.* 

This mode of experimenting extended to helium, how- 
ever, has yielded the most interesting result* that every 
sixth one on the average of all the passages, or “shots,’^ 
which detached any electrons at all from the helium atom 
detached both of the two electrons which the neutral 
hehum atom possesses. Since some of the ionization 
produced along the path of an a-ray is probably due to 
slow-speed secondary jS-rays produced by the a-ray, it is 
probable that the fraction of the actual passages through 
helium atoms of a-rays themselves which detach both 
electrons is greater than the foregoing one in six. It has 
been estimated by Fowler at as high as three in four. 

The foregoing experimental result of one in six was 
obtained only at the very end of the range of the a-rays 
where they have their maximum ionizing power. When 
these rays were near the beginning of their range, and 
therefore were moving much more rapidly, the fraction 
of the number of double catches to total catches was only 4 
about half as much, i.e. , the chance of getting both electrons 

" Millikan, Gottschalk, and Kelly, Phys. Rev., XI (1920), 157. 

^Millikan, PAyj. XVm (1921), 456. Wilkins, XXIV 

(192a), 210. 
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at a single shot is much smaller with a high-speed bullet 
than with a slow-speed one. This is to be expected if the 
two electrons are independent of each other, i.e., if the 
removal of one does not carry the other out with it. 

The foregoing is, I think, the only experiment which 
has yet been devised in which the act of ionization is 
isolated and studied as an individual thing. 

Since 1913, however, very definite evidence has 
come in from two different sources that multiply-valent 
ions are often produced in discharge tubes. The most 
unambiguous proof of this result has been furnished by the 
spectroscope. Indeed, Mr, Bowen and the author have 
recently found with great definiteness that high-voltage 
vacuum sparks give rise to spectral lines which are due to 
singly-, doubly-, trebly-, quadruply-, and quintuply- 
charged atoms of the elements from lithium to nitrogen, 
and even to sextuply-charged ones in the case of sulphur.* 
In view of the foregoing studies with X-rays, jS-rays, 
and a-rays, it is probable that these spectroscopically 
discovered multiply-charged ions are mainly due to suc- 
cessive ionizations such as might be expected to take place 
in a region carrying a very dense electron current, such 
as must exist in our “hot-sparks.” 

Again, J. J. Thomson has brought forward evidence® 
that the positive residues of atoms which shoot through 
discharge tubes in a direction opposite to that of the 
cathode rays have suffered multiple ionization. Indeed, 
he thinks he has evidence that the act of ionization of 
atoms of mercury consists either in the detachment of one 
negative electron or else in the detachment of eight, 

* Phys. Rev.^ September or October, 1924. 

“ Rays of Positive Electricity (X913), p, 46. 
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The actual situation, however, is not so simple; for in 
1930 Bleakney^ definitely proved that while in general 80 
per cent or more of the ions formed by shooting electrons 
through mercury vapor are singles, at suitable incident 
energies 2, 3, 4, or 5 electrons may occasionally be de- 
tached in a single encounter. Similar effects occur in 
neon and argon. 

VI. SUMMARY 

The results of the studies reviewed in this chapter 
may be summarized thus: 

1. The act of ionization by jS-rays usually consists 
in the shaking off without any appreciable energy of one 
single electron, sometimes, however, more than one, from 
an occasional molecule through which the j8-ray passes. 
The faster the jS-ray the less frequently does it ionize. 

2. The act of ionization by ether waves, i.e., by 
X-rays or light, seems to consist in the hurling out with 
an energy which may be very large, but which depends 
upon the frequency of the incident ether wave, of one 
single electron from an occasional molecule over which 
this wave passes. 

3. The act of ionization by rapidly moving a-particles 
consists generally in the shaking loose of one single 
electron from the atom through which it passes, though 
in the case of helium, two electrons are certainly some- 
times removed at once. It may be, too, that a very 
slow-moving positive ray, such as J. J. Thomson used, 
may detach several electrons from a single atom. 

"Walter Bleakney, Fhys. Rev,, XXXV (1930), 139, and XXXVI 
(1930), 1303- See also Overton Luhr, ibid., LXIV (1933), 459. 


CHAPTER Vll 

BROWNIAN MOVEMENTS IN GASES . 

I. HISTORICAL SUMMAR-y ‘ 

In 1827 the English botanist, Robert Brown, first 
made mention of the fact that minute paf tides of dead 
matter in suspension in liquids can be seen in a high- 
power microscope to be endowed with irregular wiggling 
motions which strongly suggest “life.”* Although this 
phenomenon was studied ' by numerous observers and 
became known as the phenomenon of the Browmian 
movements, it remained •Wholly unexplained for just 
fifty years. The first man to suggest that these motions 
were due to the continual bombardment to which, these 
particles are subjected because of the motion of thermal 
agitation of the molecules bf the surrounding medium 
was the Belgian Carbonelle, whose work w:as first pub- 
lished by his collaborator, Thirion, in 1880,* although 
three years earlier Delsaulx* had gi-Ven expression to views 
of this sort but had credited CarlbOnelle with priority in 
adopting them. In 1881 Bbdoszewski'* studied the 
Brownian movements of smoke particle's and other sus- 
pensions m air and saw m them “an approximate image 
of the movements of the gas molecules as postulated by 
the kinetic theory of gases.” Others, notably Gou^,s 

-Pifl. Max.,IV (i 828 ),' i6i. ' , ‘ , 

^Remedes questions scientifiques, L'ouvaiii, VII (1880), 5. 

3 Ibid ., 11 (1877)1319’- 

i * Dingkrs fioiyt. Jour'., CClOfXIX (xSZi)-, ■' 

3 Jour, dt Phys.,VlI (1888), 561; Comples rendus, CIXCiSSq), 102. 

US 
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urged during the next twenty years the same interpre- 
tation, but it was not until 1905 that a way was found 
to subject the hypothesis to a quantitative test. Such 
a test became possible through the brilliant theoretical 
work of Einstein* of Bern, Switzerland, who, starting 
merely with the assumption that the mean kinetic 
energy of agitation of a particle suspended in a fluid 
medium must be the same as the mean kinetic energy 
of agitation of a gas molecule at the same temperature, 
developed by unimpeachable analysis an expression for 
the mean distance through which such a particle should 
drift in a given time through a given medium because 
of this motion of agitation. This distance could be 
directly observed and compared with the theoretical 
value. Thus, suppose one of the wiggling particles is 
observed in a microscope and its position noted on a 
scale in the eyepiece at a particular instant, then noted 
again at the end of r (for example, 10) seconds, and 
the displacement Ax in that time along one particular 
axis recorded. Suppose a large number of such displace- 
ments Ax in intervals all of length r are observed, each one 
of them squared, and the mean of these squares taken 
and denoted by Axf: Einstein showed that the theoretical 
value of Ax^ should be 


^ nk"' 


(2IJ 


in which R is the universal gas constant per gram mole- 
cule, namely, 831.4X10* T the temperature on 

the absolute scale, N the number of molecules in one 
gram molecule, and K a resistance factor depending 

-Ann. d. Pkys. {4), XVH (1905), 549; XDC (1906), 371; XXH 

(1907). 569- 
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upon the viscosity of the medium and the size of the 
drop, and representing the ratio between the force ap- 
plied to the particle in any way and the velocity pro- 
duced by that force. If Stokeses Law, namely, F = SiryjaVy 
held for the motion of the particle through the medium, 
F 

then would have the value dTrwa, so that Ein- 

V 

stein’s formula would become 




RT ^ 

NT^Trrja 


(22) 


This was the form which Einstein originally gave to 
his equation, a very simple derivation of which has been 
given by Langevin.* The essential elements of this 
derivation will be found in Appendix C. 

The first careful test of this equation was made on 
suspensions in liquids by Perrin,® who used it for finding 
N the number of molecules in a gram molecule. He 
obtained the mean value N= 68 . 2X10®®, which, in view 
of the uncertainties in the measurement of both K and 
Aic®, may be considered as proving the correctness of 
Einstein’s equation within the limits of error of Perrin’s 
measurements, which differ among themselves by as 
much as 30 per cent. 


n. QUANTITATIVE MEASUREMENTS IN GASES 

Up to 1909 there had been no quantitative work 
whatever on Brownian movements in gases. Bodoszewski 
had described them fully and interpreted them correctly 

* Compies renduSy CXLVI (1908), 530. 

* Ibid.y p. 967; CXLVn (1908), 47S» 53o> S94; CLII (1911), 1380, 
1569; see also Perrin, Brownim Movements and Molecular. Reality, 
Engl. tr. by Soddy, 1912. 
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in 1881. In 1906 Smoluchowski^ had computed how 
large the mean displacements in air for particles of 
radius a=io""^ ought to be, and in 1907 Ehrenhaft* had 
recorded displacements of the computed order with 
particles the sizes of which he made, however, no attempt 
to measure, so that he knew nothing at all about the 
resistance factor K. There was then nothing essentially 
quantitative about this work. 

In March, 1908, De Broglie, in Paris, ^ made the 
following significant advance. He drew the metallic 
dust arising from the condensation of the vapors coming 
from an electric arc or spark between metal electrodes 
(a phenomenon discovered by Hemsalech and De Watte- 
ville^) into a glass box and looked down into it through 
a microscope upon the particles rendered visible by a 
beam of light passing horizontally through the box and 
illuminating thus the Brownian particles in the focal 
plane of the objective. His addition consisted in placing 
two parallel metal plates in vertical planes, one on either 
side of the particles, and in noting that upon applying a 
potential difference to these plates some of the particles 
moved under the influence of the field toward one plate, 
some remained at rest, while others moved toward the 
other plate, thus showfing that a part of these particles 
were positively electrically charged and a part negatively. 
In this paper he promised a study of the charges on these 
particles. In May, 1909, in fulfilling this promise^ he 

* rV (1906), 21, 756. 

^ Wiener Bericke, CXVI (1907), 11, 1175. 

3 C(mptes rend^is,XXLVl (1908), 624, loio. 

CXLIV (1907), 1338. 

5 Ibid,, CXLVIIX (1909), 1316. 
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made the first quantitative study of Brownian move- 
ments in gases. The particles used were minute droplets 
of water condensed upon tobacco smoke. The average 
rate at which these droplets moved in De Broglie’s hori- 
zontal electric field was determined. The equation for 
this motion was 

Fe^^Kv (23) 


The mean Ax^ was next measured for a great many 
particles and introduced into Einstein’s equation: 




2RT 

nk'' 


From these two equations K was eliminated and e 
obtained in terms of N. Introducing Perrin’s value of 

De Broglie obtained from one series of measurements 
6=4.5X10""*®; from another series on larger particles 
he got a mean value several times larger — a result which 
he interpreted as indicating multiple charges on the 
larger particles. Although tliese results represent merely 
mean values for many drops which are not necessarily all 
alike, either in radius or charge, yet they may be con- 
sidered as the first experimental evidence that Einstein’s 
equation holds approximately, in gases, and they are the 
more significant because nothing has to be assumed about 
the size of the particles, if they are all alike in charge 
and radius, or about the validity of Stokes’s Law in 
gases, the AT-factor being eliminated. 

The development of the oil-drop method made it 
possible to subject the Brownian-movement theory to a 
more accurate and convincing experimental test tlian 
had heretofore been attainable, and that for the following 
reasons: 
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1. It made it possible to hold, with the aid of tl 
vertical electrical field, one particular particle und 
observation for hours at a time and to measure as mar 
displacements as desired on it alone instead of assumir 
the identity of a great number of particles, as had bet 
done in the case of suspensions in liquids and in L 
Broglie’s experiments in gases. 

2. Liquids are very much less suited than ai 
gases to convincing tests of any kinetic h3q>othesi; 
for the reason that prior to Brownian-movemer. 
work we had no satisfactory kinetic theory of liquid 
at all. 

3. The absolute amounts of the displacements of 
given particle in air are 8 times greater and in hydroge: 
15 times greater than in water. 

4. By reducing the pressure to low values the dis 
placements can easily be made from 50 to 200 time 
greater in gases than in liquids. 

S* The measurements can be made independent! 
of the most troublesome and uncertain factor involve( 
in Brownian-movement work in liquids, namely, th< 
factor K, which contains the radius of the particle anc 
the law governing its motion through the liquid. 

Accordingly, there was begun in the Ryerson Lab- 
oratory, in 1910, a series of very careful experiments ir 
Brownian movements in gases. Svedberg,^ in reviewing 
^s subject in 1913, considers this ''the only exact 
investigation of quantitative Brownian movements ir 
gases.” A brief summary of the method and results 
was published by the author.* A full account was 

* Jahrhuch der Rodioaktivitdt und Ekktronik, X (1913), 513. 

* Scienctf February 17, 1911, 
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published by Mr. Harvey Fletcher in May, 1911,* and 
further work on the variation of Brownian movements 
with pressure was presented by the author the year 
following.'* The essential contribution of this work as 
regards method consisted in the two following particulars : 

I. By combining the characteristic and fully tested 
equation of the oil-drop method, namely, 




with the Einstein Brownian-movement equation, namely, 




2RT 


•(25) 


it was possible to obtain the product Ne without any 
reference to the size of the particle or the resistance of 
the medium to its motion. This quantity could then 
be compared with the same product obtained with great 
precision from electrolysis. The experimental procedure 
consists in balancing a given droplet and measuring, as 
in any Brownian-movement work, the quantity then 
unbalancing it and measuring F, Vx and the 

combination of (24) and (25) then gives 




2RT + 
F "Ne 


(26) 


Since it is awkward to square each displacement Ax 
before averaging, it is preferable to modify by sub- 
stituting from the Maxwell distribution law, which holds 

f Phys. Zeitschr., XII (1911), 202-8; see abo Phys. Rev,j XXXIII 

(i9n),8i. 

» Phys. Rev., I, N.S. (1913), 2x8, 
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for Brownian displacements as well as for molecular 
velocities, the relation 


Ax= 



We obtain thus 




jRT(Vi + V 2 )o ^ 

F(Ne) 


(27) 


or 


_ 4 FT(Vj:+V,)or 

F(A^^ 


(28) 


The possibility of thus eliminating the size of the 
particle and with it the resistance of the medium to its 
motion can be seen at once from the simple consideration 
that so long as we are dealing with one and the same 
particle the ratio K between the force acting and the 
velocity produced by it must be the same, whether the 
acting force is due to gravity or an electrical field, as in 
the oil-drop experiments, or to molecular impacts as 
in Brownian-movement work. De Broglie might have 
made such an elimination and calculation of Ne in his 
work, had his Brownian displacements and mobilities 
in electric fields been made on one and the same particle, 
but when the two sets of measurements are made on 
different particles, such elimination would involve the 
very uncertain assumption of identity of the particles in 
both charge and size. Although De Broglie did actually 
make this assumption, he did not treat his data in the 
manner indicated, and the first publication of this 
method of measuring Ne as well as the first actual deter- 
mination was made in the papers mentioned above. 
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Some time later E. Weiss reported similar work to 
the Vienna Academy/ 

2. Although it is possible to make the test of Ve in 
just the method described and although it was so made 
in the case of one or two drops, Mr. Fletcher worked out 
a more convenient method, which involves expressing 
the displacements in terms of the fluctuations in the 
time required by the particle to fall a given distance 
and thus dispenses with the necessity of balancing the 
drop at all. I shall present another derivation which 
is very simple and yet of unquestionable validity. 

In equation (28) let r be the time required by the 
particle, if there were no Brownian movements, to fall 
between a series of equally spaced cross-hairs whose 
distance apart is d. In view of such movements the 
particle will have moved up or down a distance Ax in 
the time r. Let us suppose this distance to be up. 
Then the actual time of fall will be r+AiJ, in which At 
is now the time it takes the particle to fall the distance 
Ax, If now At is small in comparison with r, tliat is, if 
Ax is small in comparison with d (say i/io or less), then 
we shall introduce a negligible error (of the order i/ioo 
at the most) if we assume that Ax=ViAt in which Vx is 
the mean velocity under gravity. Replacing then in 
(28) (aSt)* by z;i*(Ai)*, in which (a/)"* is the square of the 
average difference between an observed time of fall and 
the mean time of fall tgj that is, the square of the average 

* It was read before the Academy on July 6: Wiener Berichte^ CXX 
(1911), II, 1021, but appeared first in print in tbe August ist number 
of the F/tys. Zeitschr. (1911), p. 63. Fletcher’s article is found in brief 
in an earlier number of the same volume of the Fkys, Zeitschr, , p. 203, 
and was printed in full in the July number of Le Radium^ VIII 
(1911), 279. 
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fluctuation in the time of fall through the distance d, 
we obtain after replacing the ideal time r by the mean 
time 


4 RT(v^+Va)otg 

^ FvliAty 


(29) 


In any actual work At will be kept considerably less 
than 1/ 10 the mean time tg if the irregularities due to 
the observer’s errors are not to mask the irregularities 
due to the Brownian movements, so that (29) is sufficient 
for practically all working conditions/ 

The work of Mr. Fletcher and of the author was done 
by both of the methods represented in equations (28) 
and (29). The 9 drops reported upon in Mr. Fletcher’s 
paper in ipii"* yielded the results shown below in which 
n is the number of displacements used in each, case in 
determining Ax or A^ 


TABLE XIII 


\/NeXtc!> 

n 

1.68 

125 

1.67 

136 

X.645 

321 

1.695 

202 

X.73 

17I 

1.65 

200 

1.66 

84 

X.785 

4II 

1. 6s 

8S 


When weights are assigned proportional to the num- 
ber of observations taken, as shown in the last column 

* No error is introduced here if, as assumed, M is small in comparison 
with tg. However, for more rigorous equations see Fletcher, Phys. Rev., 
IV (1914), 442; also Smoluchowski, Phys. Zeitschr., XVI (1915), 321. 
» Le Radium, VHI (1911), 279; Phys. Rev., XXXIH (19x1), 107. 
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of Table XIII, there results for the weighted mean value 
which represents an average of 1,735 displacements, 
V Ne^i. 698X lo^ or Ne^i. 88X electrostatic units, 
as against 2.896X10’^^, the value found in electroly- 
sis. The agreement between theory and experiment is 
then in this case about as good as one-half of i per cent, 
which is well within the limits of observational error. 

This work seemed to demonstrate, with considerably 
greater precision than had been attained in earlier 
Brownian-movement work and with a minimum of 
assumptions, the correctness of the Einstein equation, 
which is in essence merely the assumption that a particle 
in a gas, no matter how big or how little it is or out of 
what it is made, is moving about with a mean translatory 
kinetic energy which is a universal constant dependent 
only on temperature. To show how well this conclusion 
has been established I shall refer briefly to a few later 
researches. 

In 1914 Dr. Fletcher, assuming the value of K which 
I had published"" for oil drops moving through air, made 
new and improved Brownian-movement measurements 
in this medium and solved for N the original Einstein 
equation, which, when modified precisely as above by 

replacing Ax" by ^ (Ax)* and (Ax)* = z;x"(A^)* becomes 


4 _^ 


(30) 


He took, all told, as many as 18,837 Ai's, not less than 
5,900 on a single drop, and obtained iV= 60. 3 X 10""=*= 1.2. 
This cannot be regarded as an altogether indepen- 
dent determination of N, since it involves my value 
Phys. Rev., I (1913), 218. 
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of K. Agreeing, however, as well as it does with my 
value of iV, it does show with much conclusiveness that 
both Einstein^s equation and my corrected form of 
Stokes’s equation apply accurately to the motion of oil 
drops of the size here used, namely, those of radius from 
2. 79X10“^ cm. to 4.iXio”Scm. (280—400 /x/x). 

In 1915 Mr. Carl Eyring tested by equation (29) the 
value of Ne on oil drops, of about the same size, in 
hydrogen and came out within . 6 per cent of the value 
found in electrolysis, the probable error being, however, 
some 2 per cent. 

Precisely similar tests on substances other than oils 
were made by Dr. E. Weiss* and Dr. Karl Przibram.* 
The former worked with silver particles only half 
as large as the oil particles mentioned above, namely, 
of radii between i and 2.3X10“"^ cm. and obtained 
iV’e= 10,700 electromagnetic units instead of 9,650, as 
in electrolysis. This is indeed ii per cent too high, but 
the limits of error in Weiss’s experiments were in his 
judgment quite as large as this. K. Przibram worked 
on suspensions in air of five or six different substances, 
the radii varying from 200 /x/i to 600 /x/x, and though his 
results varied among themselves by as much as 100 per 
cent, his mean value came within 6 per cent of 9,650. 
Both of the last two observers took too few displacements 
on a given drop to obtain a reliable mean displacement, 
but they used so many drops that their mean Ne still 
has some significance. 

It would seem, therefore, that the validity of Ein- 
stein’s Brownian-movement equation had been pretty 

^SUzungsber, d, k. Akad, d. Wiss. in Wkn^ CXX (1911), II, 1021 

^Uid., CXXI (1912), n, 950. 
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thoroughly established in gases. In liquids too it has 
recently been subjected to much more precise test than 
had formerly been attained. Nordlund,^ in 1914, using 
minute mercury particles in water and assuming Stokes’s 
Law of fall and Einstein’s equations, obtained 
iV=S9. iXio^L While in 1915 Westgren at Stockholm^ 
by a very large number of measurements on colloidal 
gold, silver, and selenium particles, of diameter from 
6$ /x/x to 130 jjLfi (6.5 to 13X 10”"^ cm.), obtained a result 
which he thinks is correct to one-half of i per cent, this 
value is 60. 5X10'*'*=*= .3X10^®, which agrees per- 
fectly with the value which I obtained from the measure- 
ments on the isolation and measurement of the electron. 

The most recent determination of N by the Brownian 
movement method has been made at the University of 
Munich by Kappler^'^ who suspends in still air from a 
very fine quartz fibre an exceedingly light mirror 2 mm. 
square, reflects a fine pencil of light from it, and records 
on a moving photographic film the irregular lateral dis- 
placements of this beam under the random molecular 
bombardment of the mirror at the end of this torsional 
system. From the mean of these displacements he gets 
N = 60.59 ± .036 X Io'‘^ 

It has been because of such agreements as the fore- 
going that the last trace of opposition to the kinetic and 
atomic hypotheses of matter has disappeared from the 
scientific world, and that even Ostwald has been willing 
to make such a statement as that quoted on p. 10. 

^ Ztschr. f. Phys, Chem., LXXXVII (1914), 40. 

4 Die Brown^sche Bewegung besonders als Mittel zur Bestimmung der 
Avogadroschen Konstante, inaugural dissertation. Upsala: Almquist & 
Wiksells Boktryckeri, 1915. 

^ Ann. der Physik, XI (1931), 233“<>6. 
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IS THE ELECTRON ITSELF DIVISIBLE ? 

It would not be in keeping with the method of modern 
science to make any dogmatic assertion as to the indi- 
visibility of the electron. Such assertions used to be 
made in high-school classes with respect to the atonas of 
the elements, but the far-seeing among physicists, like 
Faraday, were always careful to disclaim any belief in 
the necessary ultimateness of the atoms of chemistry, and 
that simply because there existed until recently no basis 
for asserting anything about the insides of the atom. 
We knew that there was a smallest thing which took part 
in chemical reactions and we named that thing the atom, 
leaving its insides entirely to the future. 

Precisely similarly the electron was defined as the 
smallest quantity of electricity which ever was found to 
appear in electrolysis, and nothing was then said or is 
now said about its necessary ultimateness. Our experi- 
ments have, however, now shown that this quantity is 
capable of isolation and exact measurement, and that al 
the kinds of charges which we have been able to investi- 
gate are exact multiples of it. Its value is 4.770 X 
electrostatic units. 

I. A SECOND METHOD OE OBTAINING 6 

I have presented one way of measuring this charge 
but there is an indirect method of arriving at it whicl 
was worked out independently by Rutherford and Geiger 

^ Proc, Roy. Soc., A LXXXI (1908), 141, 161. 
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and RegenerJ The unique feature in tliis method con- 
sists in actually counting the number of a-particles shot 
off per second by a small speck of radium or polonium 
through a given solid angle and computing from this the 
number of these particles emitted per second by one gram 
of the radium or polonium. Regener made his determi- 
nation by counting the scintillations produced on a dia- 
mond screen in the focal plane of his observing microscope. 
He then caught in a condenser all the a-particles emitted 
per second by a known quantity of his polonium and 
determined the total quantity of electricity delivered to 
the condenser by them. This quantity of electricity 
divided by the number of particles emitted per second 
gave the charge on each particle. Because the a-particles 
had been definitely proved to be helium atoms* and the 

value of — found for them showed that if they were 

helium they ought to carry double the electronic charge, 
Regener divided his result by 2 and obtained 

e=4.79Xio~^®. 

He estimated his error at 3 per cent. Rutherford and 
Geiger made their count by letting the a-particles from 
a speck of radium C shoot into a chamber and produce 
therein sufficient ionization by collision to cause an 
electrometer needle to jump every time one of them 
entered. These authors measured the total charge as 
Regener did and, dividing by 2 the charge on each 
a-particle, they obtained 

* Sitzungsher. d. k. Preuss. Akad.^ XXXVIII (1909), 948. 

^ Rutherford and Royds, Phil. Mag., XVII (1909), 281. 
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All determinations of e from radioactive data involve 
one or the other of these two counts, namely, that of 
Rutherford and Geiger or that of Regener. Thus, 
Boltwood and Rutherford^ measured the total weight of 
helium produced in a second by a known weight of 
radium. Dividing this by the number of a-particles 
(helium atoms) obtained from Rutherford and Geiger^s 
count, they obtain the mass of one atom of helium from 
which the number in a given weight, or volume since the 
gas density is known, is at once obtained. They pub- 
lished for the number n of molecules in a gas per cubic 
centimeter at o?76 cm., 2. 69X10*^, which corre- 
sponds to 

(?= 4.81X10'“^°. 

This last method, like that of the Brownian movements, 
is actually a determination of rather than of e, since e 
is obtained from it only through the relation Ne =9,648 . 9 
electromagnetic units. Indeed, this is true of all 
methods of estimating e, so far as I am aware, except the 
oil-drop method and the Rutherford-Geiger-Regener 
method, and of these two the latter represents the 
measurement of the mean charge on an immense number 
of a-particles. 

Thus a person who wished to contend that the unit 
charge appearing in electrolysis is only a mean charge 
which may be made up of individual charges which vary 
widely among themselves, in much the same way in 
which the atomic weight assigned to neon has recently 
been shown to be a mean of the weights of least two 
different elements inseparable chemically, could not be 
gainsaid, save on the basis of the evidence contained in 
^ PM, (6), xxri (1911), 599. 
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the oil-drop experiments; for these constitute the only 
method which has been found of measuring directly the 
charge on each individual ion. It is of interest and sig- 
nificance for the present discussion, however, that the 
mean charge on an a-particle has been directly measured 
and that it comes out, within the limits of error of the 
measurement, at exactly two electrons— as it should 

according to the evidence furnished by — measurements 
on the a-particles. 

II. THE EVIDENCE FOR THE EXISTENCE OF A SUB- 
ELECTRON 

Now, the foregoing contention has actually been 
made, and evidence has been presented which purports 
to show that electric charges exist which are much 
smaller than the electron. Since this raises what may 
properly be called the most fundamental question of 
modern physics, the evidence needs very careful con- 
sideration. This evidence can best be appreciated 
through a brief historical review of its origin. 

The first measurements on the mobilities in electric 
fields of swarms of charged particles of microscopically 
visible sizes were made by H. A. Wilson^ in 1903, as 
detailed in chap. iii. These measurements were repeated 
with modifications by other observers, including our- 
selves, during the years immediately following. De 
Broglie’s modification, published in 1908,"* consisted in 
sucking the metallic clouds discovered by Hemsalech 
and De Watteville,^ produced by sparks or arcs between 

* Phil. Mdg. (6), V (1903), 429. 

* Compks rendus, CXLVI (1908), 624, loio. 

iIbid.,CXLlV (1907), 1338. 
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metal electrodes, into the focal plane of an ultra- 
microscope and observing the motions of the individual 
particles in this cloud in a horizontal electrical field pro- 
duced by applying a potential dijfierence to two vertical 
parallel plates in front of the objective of his microscope. 
In this paper De Broglie first commented upon the fact 
that some of these particles were charged positively, 
some negatively, and some not at all, and upon the 
further fact that holding radium near the chamber 
caused changes in the charges of the particles. He 
promised quantitative measurements of the charges 
tliemselves. One year later he fulfilled the promise,* 
and at practically the same time Dr. Ehrenhaft® pub- 
lished similar measurements made with precisely the 
arrangement described by De Broglie a year before. 
Both men, as Dr. Ehrenhaft clearly pointed out,^ while 
observing individual particles, obtained only a mean 
charge, since the different measurements entering into 
the evaluation of e were made on different particles. So 
far as concerns 6, these measurements, as everyone agrees, 
were essentially cloud measurements like Wilson^s. 

In the spring and summer of 1909 I isolated indi- 
vidual water droplets and determined the charges car- 
ried by each one,^ and in April, 1910, I read before the 
American Physical Society the full report on the oil-drop 
work in which the multiple relations between charges were 
established, Stokes's Law corrected, and e accurately 

CXLVIII (1909), 1316. 

^ Phys. Zeitschr,^ X (1909), 308. 

3 Hid., XI (1910), 619. 

4 This paper was published in abstract in Phys. Rev., XXX (1909), 
<;6o, and Phil. Mag., XIX C1910), 209, 
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determined/ In the following month (May, 1910) 
Dr. Ehrenhaft,^ having seen that a vertical condenser 
arrangement made possible, as shown theoretically and 
experimentally in the 1909 papers mentioned above, the 
independent determination of the charge on each indi- 
vidual particle, read the first paper in which he had used 
this arrangement in place of the De Broglie arrange- 
ment which he had used theretofore. He reported re- 
sults identical in all essential particulars with those 
which I had published on water drops the year before, 
save that where I obtained consistent and simple multiple 
relations between charges carried by different particles 
he found no such consistency in these relations. The 
absolute values of these charges obtained on the as- 
sumption of Stokeses Law fluctuated about values con- 
siderably lower than 4.6X10““^®. Instead, however, of 
throwing the burden upon Stokes’s Law or upon wrong 
assumptions as to the density of his particles, he re- 
marked in a footnote that Cunningham’s theoretical cor- 
rection to Stokes’s Law,^ which he (Ehrenlaaft) had just 
seen, would make his values come still lower, and hence 
that no failure of Stokes’s Law could be responsible 
for his low values. He considered his results therefore 
as opposed to the atomic theory of electricity altogether, 
and in any case as proving the existence of charges much 
smaller than that of the electron.^ 

* This paper was published in abstract in Phys. Rez>.,XXXI (19x0)^ 
92; Science, XXXII (1910), 436; Phys. Zeiischr., XI (1910), X097. 

’ Wien. Ber., CXIX (1910), II, 809. This publication was appar- 
ently not issued before December, 1910, for it is not noted in Naturao 
Novitates before this date. 

3 Proc. Roy. Soc., LXXXIII (1910), 360. 

^ These results were presented and discussed at great length in thw 
fall of 1910; see Phys, Zeilschr,, XI (1910), 6iq, 940. 
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The apparent contradiction between these results and 
mine was explained when Mr. Fletcher and myself 
showed^ experimentally that Brownian movements pro- 
duced just such apparent fluctuations as Ehrenhaft 
observed when the e is computed, as had been done in 
his work, from one single observation of a speed under 
gravity and a corresponding one in an electric field. We 
further showed that the fact that his values fluctuated 
about too low an average value meant simply that his 
particles of gold, silver, and mercury were less dense 
because of surface impurities, oxides or the like, than he 
had assumed. The correctness of this explanation 
would be well-nigh demonstrated if the values of Ne 
computed by equations (28) or (29) in chap, vii from a 
large number of observations on Brownian movements 
always came out as in electrolysis, for in these equations 
no assumption has to be made as to the density of the 
particles. As a matter of fact, all of the nine particles 
studied by us and computed by Mr. Fletcher^ showed 
die correct value of Ne^ while only six of them as com- 
puted by me fell on, or close to, the line which pictures 
the law of fall of an oil drop through air (Fig. 5, p. 106). 
This last fact was not published in 1911 because it took 
me until 1913 to determine with sufiicient certainty a 
second approximation to the complete law of fall of a 
droplet through air; in other words, to extend curves of 

the sort given in Fig. 5 to as large values of | as corre- 
spond to particles small enough to show large Brownian 
movements. As soon as I had done this I computed 
all the nine drops which gave correct values of Ne and 

^Phys. Zeitschr., XII (1911), 161; Phys, Rev.^ XXXIl (igii), 394. 

^ Le Radium, VIII (1911), 279; Phys. Rev., XXXIII (1911), 107. 
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found that two of them fell far below the line, one more 
fell somewhat below, while one fell considerably above 
it. This meant obviously that these four particles were 
not spheres of oil alone, two of them falling much too 
slowly to be so constituted and one considerably too 
rapidly. There was nothing at all surprising about 
this result, since I had explained fully in my first paper on 
oil drops^ that until I had taken great precaution to 
obtain dust-free air “ the values of ex came out differently, 
even for drops showing the same velocity under gravity.^’ 
In the Brownian-movement work no such precautions 
to obtain dust-free air had been taken because we wished 
to test the general validity of equations (28) and (29). 
That we actually used in this test two particles which had 
a mean density very much smaller than that of oil and 
one which was considerably too heavy, was fortunate 
since it indicated that our result was indeed independent 
of the material used. 

It is worthy of remark that in general, even with oil 
drops, almost all of those behaving abnormally fall too 
slowly, that is, tlrey fall below the line of Fig. 5 and 
only rarely does one fall above it. This is because the 
dust particles which one is likely to observe, that is, those 
which remain long in suspension in the air, are either in 
general lighter than oil or else expose more surface and 
hence act as though they were lighter. When one works 
with particles made of dense metals this behavior will 
be still more marked, since all surface impurities of what- 
ever sort will diminish the density. The possibility, 
however, of freeing oil-drop experiments from aU such 
sources of error is shown by the fact that although during 

» F/iys. Rev,, XXXIII (19x1), 366, 367- 
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the year 1915-16 I studied altogether as many as three 
hundred drops, there was not one which did not fall within 
less than i per cent of the line of Fig. 5. It will be shown, 
too, in this chapter, that in spite of the failure of the 
Vienna experimenters, it is possible under suitable con- 
ditions to obtain mercury drops which behave, even as 
to law of fall, in practically all cases with perfect con- 
sistency and normality. 

When E. Weiss in Prag and K. Przibram in the 
Vienna laboratory itself, as explained in chap, vii, had 
found that Ne for all the substances which they worked 
with, including silver particles like those used by 
Ehrenhaft, gave about the right value of Ne^ although 
yielding much too low values of e when the latter was 
computed from the law of fall of silver particles, the 
scientific world practically universally accepted our 
explanation of EhrenhafPs results and ceased to concern 
itself with the idea of a sub-electron.^ 

In 1914 and 1915, however. Professor Ehrenhaft* and 
two of his pupils, F. Zerner^ and D. Konstantinowsky,^ 
published new evidence for the existence of such a sub- 
electron and the first of these authors has kept up some 
discussion of the matter up to the present. These experi- 
menters make three contentions. The first is essentially 
that they have now determined Ne for their particles by 
equation (29) ; and although in many instances it comes 
out as in electrolysis, in some instances it comes out from 

* See R. Pohl, Jahrbuch der Radioactivitdt und Elektronik^ VII 
(1912), 431. 

* Wien, Sitzungsber.f CXXIII (1914), 53-155; Ann. d. Phys.^ XLIV 
(1914), 657. 

^ Pkys. Zeitschr., XVI (1915), 10. 

* Ann. d. Phys., XL VI (1915), 261. 
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20 per cent to 50 per cent too low, while in a few cases 
it is as low as one-fourth or one-fifth of the electrolytic 
value. Their procedure is in general to publish, not the 
value of iVe, but, instead, the value of e obtained from 
by inserting Perrin’s value of 'N (70X 10^^) in (29) and 
then solving for e. This is their method of determining 
e ^Trom the Brownian movements.” 

Their second contention is the same as that originally 
advanced, namely, that, in some instances, when e is 
determined with the aid of Stokes’s Law of fall (equa- 
tion 12, p. even when Cunningham’s correction or 
my own (equation 15, p.ioi)is employed, the result 
comes out very much lower than 4.77X10“^° Their 
third claim is that the value of determined as just 
explained from the Brownian movements, is in general 
higher than the value computed from the law of fall, 
and that the departures become greater and greater the 
smaller the particle. These observers conclude there- 
fore that we oil-drop observers failed to detect sub- 
electrons because our droplets were too big to be able 
to reveal their existence. The minuter particles which 
they study, however, seem to them to bring these sub- 
electrons to light. In other words, they think the value 
of the smallest charge which can he caught from the air 
actually is a function of the radius of the drop on which 
it is caught, being smaller for small drops than for large 
ones. 

Ehrenhaft and Zerner even analyze our report on oil 
droplets and find that these also show in certain instances 
indications of sub-electrons, for they yield in these 
observers’ hands too low values of e, whether computed 
from the Brownian movements or from the law of fall. 
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When the computations are made in the latter way e is 
found, according to them, to decrease with decreasing 
radius, as is the case in their experiments on particles of 
mercury and gold. 

in. CAUSES OP THE DISCREPANCIES 

Now, the single low value of which these authors 
find in the oil-drop work is obtained by computing "Ne 
from some twenty-five observations on the times of fall, 
and an equal number on the times of rise, of a particle 
which, before we had made any Ne computations at all, 
we reported upon^ for the sake of showing that the 
Brownian movements would produce just such fluctua- 
tions as Ehrenhaft had observed when the conditions 
were those under which he worked. When I compute 
iV'e by equation (29), using merely the twenty-five times 
of fall, I find the value of Ne comes out 26 per cent low, 
just as Zerner finds it to do. If, however, I omit the 
first reading it comes out but 1 1 per cent low. In other 
words, the omission of one single reading changes the 
result by 15 per cent. Furthermore, Fletcher* has 
shown that these same data, though treated entirely 
legitimately, but with a slightly different grouping than 
that used by Zerner, can be made to yield exactly the 
right value of iVe. This brings out clearly the futility 
of attempting to test a statistical theorem by so few 
observations as twenty-five, which is nevertheless more 
than Ehrenhaft usually uses on his drops. Furthermore, 
I shall presently show that unless one observes under 
carefully chosen conditions, his own errors of observation 

^ Fhys, Zeitschr.^'KLl (igii). 162, 



IS THE ELECTRON ITSELF DIVISIBLE? 169 


and the slow evaporation of the drop tend to make Ne 
obtained from equation (29) come out too low, and these 
errors may easily be enough to vitiate the result entirely. 
There is, then, not the slightest indication in any work 
which we have thus far done on oil drops that Ne comes 
out too small. 

Next consider the apparent variation in e when it is 
computed from the law of fall. Zerner computes e from 
my law of fall in the case of the nine drops published by 
Fletcher, in which Ne came out as in electrolysis, and 
finds that one of them yields e=6.66X lo""*®, one 
^=3- 97X10”^®, one e= i.32Xio‘'^®, one ^=1. 7X10*“^®, 
while the other five yield about the right value, namely, 
4. 8X 10“^®. In other words (as stated on p. 165 above), 
five of these drops faU exactly on my curve (Fig. 5), one 
falls somewhat above it, one somewhat below, while two 
are entirely off and very much too low. These two, there- 
fore, I concluded were not oil at all, but dust particles. 
Since Zerner computes the radius from the rate of fall, 
these two dust particles which fall much too slowly, and 
therefore yield too low values of e, must, of course, yield 
correspondingly low values of a. Since they are found 
to do so, Zerner concludes that our oil drops, as well as 
Ehrenhaft’s mercury particles, yield decreasing values of 
e with decreasing radius. His own tabulation does not 
show this. It merely shows three erratic values of e, 
two of which are very low and one rather high. But a 
glance at all the other data which I have published on 
oil drops shows the complete falsity of this position,* 
these data show that after I had eliminated dust all of my 
particles yielded exactly the same value of ^‘e^^ whatever their 
^Phys. Rev.f IT 138. 
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size^. The only possible interpretation then which could 
be put on these two particles which yielded correct values 
of Ne^ but too slow rates of fall, was that which I put 
upon them, namely, that they were not spheres of oil. 

As to the Vienna data on mercury and gold, Dr. 
Ehrenhaft publishes, all told, data on just sixteen par- 
ticles and takes for his Brownian-movement calculations 
on the average fifteen times of fall and fifteen of rise on 
each^ the smallest number being 6 and the largest 27. He 
then computes his statistical average (Kt)^ from observa- 
tions of this sort. Next he assumes Perrin’s value of iV, 
namely, 70X10**, which corresponds to ^==4.1, and 
obtains instead by the Brownian-movement method, i.e., 
the Ne method, the following values of e, the exponential 
term being omitted for the sake of brevity: i.43> 2. 13, 
1.38,3.04,3.5,6.92,4.42,3.28, .84. Barring the first 
three and the last of these, the mean value of e is just 
about what it should be, namely, 4.22 instead of 4.1. 
Further, the first three particles are the heaviest ones, 
the j&rst one falling between his cross-hairs in 3 . 6 seconds, 
and its fluctuations in time of fall are from 3 . 2 to 3 . 85 
seconds, that is, three-tenths of a second on either side 
of the mean value. Now^ these fluctuations are only 
slightly greater than those which the average observer will 
make in timing the passage of a uniformly moving body 
across equally spaced cross-hairs. This means that in 
these observations two nearly equally potent causes were 
operating to produce fluctuations. The observed A/’s 
were, of course, then, larger than those due to Brownian 
movements alone, and might easily, with but a few 
observations, be two or tliree times as large. Since 

^ See Phys. Rev., II ( 1913 ), i34~35- 
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appears in the denominator of equation (29), it will 
be seen at once that because of the observer's timing 
errors a series of observed Afs will always tend to be 
larger than the At due to Brownian movements alone, 
and hence that the Brownian-movement method always 
tends to yield too low a value of Ne, and accordingly 
too low a value of e. It is only when the observer's mean 
error is wholly negligible in comparison with the Brownian- 
movement fluctuations that this method will not yield too 
low a value of e. The overlooking of this fact is, in my 
judgment, one of the causes of the low values of e 
recorded by Dr. Ehrenhaft. 

Again, in the original work on mercury droplets 
which I produced both by atomizing liquid mercury and 
by condensing the vapor from boiling mercury,"^ I noticed 
that such droplets evaporated for a time even more 
rapidly than oil, and other observers who have since 
worked with mercury have reported the same behavior.^ 
The amount of this effect may be judged from the fact 
that one particular droplet of mercury recently under 
observation in this laboratory had at first a speed of 
I cm. in 20 seconds, which changed in half an hour to 
I cm. in 56 seconds. The slow cessation, however, of 
this evaporation indicates that the drop slowly becomes 
coated with some sort of protecting film. Now, if any 
evaporation whatever is going on while successive times 
of fall are being observed— and as a matter of fact 
changes due to evaporation or condensation are always 
taking place to some extent — the apparent (A/)^ will be 
larger than that due to Brownian movements, even 

^Fhys, Rez;., XXXII (1911), 389. 

* See ScMdlof et Karpowicz, Comptes rendus^ CL VIII (1914), 1912. 
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though these movements are large enough to prevent the 
observer from noticing, in taking twenty or thirty read- 
ings, that the drop is continually changing. These 
changes combined with the fluctuations in i due to the 
observer’s error are sufficient, I think, to explain all of the 
low values of e obtained by Dr. Ehrenhaft by the 
Brownian-movement method. Indeed, I have myself 
repeatedly found Ne coming out less than half of its 
proper value until 1 corrected for the eoaporation of the 
drop, and this was true when the evaporation was so 
slow that its rate of fall changed but i or 2 per cent in a 
half-hour. But it is not merely evaporation which intro- 
duces an error of this sort. The running down of the 
batteries, the drifting of the drop out of focus, or any- 
thing which causes changes in the times of passage 
across the equally spaced cross-hairs tends to decrease 
the apparent value of Ne, There is, then, so far as I can 
see, no evidence at all in any of the data published to date 
that the Brownian-movement method actually does yield too 
low a value of and very much positive evidence that it 
does not was given in the preceding chapter. 

Indeed, the same type of Brownian-movement work 
which Fletcher and I did upon oil-drops in 1910 and 1911 
(see preceding chapter) was done in 1920 and 1921 in 
Vienna with the use of particles of selenium, and with re- 
sults which are in complete harmony with our own. The 
observer, E. Schmid," takes as many as 1,500 ‘Himes of 
fall” upon a given particle, the radius of which is in one 
case as low as 5 X lo-^ cm. — quite as minute as any used 
by Dr. Ehrenhaft — and obtains in all cases values of e 

*E. SrJimid, Witn. Akad. Ber., CXXIX (1920), 813, ?ind ZfP, V 
(1921), 27. 
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by Brownian-movement method’^ which are in as 
good agreement with our own as could be expected in 
view of the necessary observational error. This com- 
plete check of our work in Vienna itself should close the 
argument so far as the Brownian movements are con- 
cerned. 

That e and a computed from the law of fall become 
farther and farther removed from the values of e and a 
computed from the Brownian movements, the smaller 
these particles appear to be, is just what would be 
expected if the particles under consideration have surface 
impurities or non-spherical shapes or else are not mer- 
cury at all.^ If, further, exact multiple relations hold 
for them, as at least a dozen of us, including Dr. Ehren- 
haft himself, now find that they invariably do, there is 
scarcely any other interpretation possible except that 
of incorrect assumptions as to density.* Again, the fact 
that these data are all taken when the observers are 
working with the exceedingly dense substances, mercury 
and gold, volatilized in an electric arc, and when, therefore, 
anything not mercury or gold, but assumed to be, 
would yield very low values of e and a, is in itself a very 
significant circumstance. The further fact that Dr. 
Ehrenhaft implies that normal values of e very frequently 
appear in his work,=* w^hile these low erratic drops repre- 
sent only a part of the data taken, is suggestive. When 

^ R. Bar, in a series of articles recently summarized in Die Natur- 
wissenschaften, Vols. XIV and XV, 1922, has emphasized this point. 
His data serve merely as a new check upon the work found in our pre- 
ceding tables. 

^“Die bei grOsseren Partikeln unter gewissen Umstanden bei 
gleicher Art der Erzeugung hS-ufig wiederkehrenden hbheren Quanten 
waren dann etwa als stabllere raumliche Gleichgewichtsverteilungen 
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one considers, too, that in place of the beautiful con- 
sistency and duplicability shown in the oil-drop work, 
Dr. Ehrenhaft and his pupils never publish data on any 
two particles which yield the same value of e, but instead 
find only irregularities and erratic behavior,’' just as 
they would expect to do with non-uniform particles, or 
with particles having dust specks attached to them, 
one wonders why any explanation other than the foreign- 
material one, which explains all the difficulties, has ever 
been thought of. As a matter of fact, in our work with 
mercury droplets, we have found that the initial rapid 
evaporation gradually ceases, just as though the droplets 
had become coated with some foreign film which pre- 
vents further loss. Dr. Ehrenhaft himself, in speaking 
of the Brownian movements of his metal particles, com- 
ments on the fact that they seem at first to show large 
movements which grow smaller with time.’* This is 
just what would happen if the radius were increased by 
the growth of a foreign film. 

Now what does Dr. Ehrenhaft say to these very 
obvious suggestions as to the cause of his troubles? 
Merely that he has avoided all oxygen, and hence that 


dieser Sub-electron anzusehen, die sich unter gewissen Umstanden 
ergeben.” — Wien. Ber.y CXXIIl, 59. 

* Their whole case is summarized in the tables in Ann. d. Phys., 
XLIV (1914), 693, and XL VI (1915), 292, and it is recommended that 
all interested in this discussion take the time to glance at the data on 
these pages, for the data themselves are so erratic as to render dis- 
cussion needless. 

* Wie ich in meinen frilheren Publikationen erwahnt habe, zeigen 
die ultramikroskopischen Metallpartikel, unmittelbar nach der Erzeu- 
gung beobachtet, eine viel lebhaftere Brownsche Bewegung als nach 
einer halben Stunde.’* — Phys. Zeitschr., Xll, 98. 
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an oxide filin is impossible. Yet he makes his metal 
particle ly striking an electric arc between metal electrodes. 
This, as everyone knows, brings out all sorts of occluded 
gases. Besides, chemical activity in the electric arc is 
tremendously intense, so that there is opportunity for 
the formation of all sorts of higher nitrides, the existence 
of which in the gases coming from electric arcs has many 
times actually been proved. Dr. Ehrenhaft says further 
that he photographs big mercury droplets and finds them 
spherical and free from oxides. But the fact that some 
drops are pure mercury is no reason for assuming that all 
of them are, and it is only the data on those which are 
not which he publishes. Further, because big drops 
which he can see and measure are of mercury is no 
justification at all for assuming that sub-microscopic 
particles are necessarily also spheres of pure mercury. 
In a word, Dr. Ehrenhaft’s tests as to sphericity and 
purity are all absolutely worthless as applied to the par- 
ticles in question, which according to him have radii of 
the order lo-** cm. — a figure a hundred times below the 
limit of sharp resolution. 

IV. THE BEARING OF THE VIENNA WORK ON THE QUES- 
TION OE THE EXISTENCE OE A SUB-ELECTRON 

But let us suppose that these observers do actually 
work with particles of pure mercury and gold, as they 
think they do, and that the observational and evapora- 
tional errors do not account for the low values of Ne. 
Then what conclusion could legitimately be drawn from 
their data ? Merely this and nothing more, that 
(i) Einstein’s Brownian-movement equation is not uni- 
versally applicable, and (2) that the law of motion of 
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their very minute charged particles through air is not 
yet fully known.^ So long as they find exact multiple 
relationships, as Dr. Ehrenhaft now does, between the 
charges carried by a given particle when its charge is 
changed by the capture of ions or the direct loss of elec- 
trons, the charges on these ions must be the same as the 
ionic charges which I have accurately and consistently 
measured and found equal to 4.77X10-''® electrostatic 
units; for they, in their experiments, capture exactly the 
same sort of ions, produced in exactly the same way as 
those which I captured and measured in my experiments. 
That these same ions have one sort of a charge when 
captured by a big drop and another sort when captured 
by a little drop is obviously absurd. If they are not the 
same ions which are caught^ then in order to reconcile the 
results with the existence of the exact multiple relationship 
found by Dr, Ehrenhaft as well as ourselves^ it would he 
necessary to assume that there exist in the air an infinite 
number of different kinds of ionic charges corresponding to 
the infinite number of possible radii of drops ^ and that when 
a powerful electric field drives all of these ions toward a 
given drop this drop selects in each instance just the charge 
which corresponds to its particular radius. Such an 
assumption is not only too grotesque for serious con- 
sideration, but it is directly contradicted by my experi- 
ments, for I have repeatedly pointed out that with a 
I 

given value of - I obtain exactly the same value of Cx, 
a 

whether I work with big drops or with little ones. 

* In my own opinion this is a conclusion contrary to fact, since in a 
recent paper (see Phys, Rev., July, 192$) I have fully established the 
“Complete Law of Fall.” 
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V. NEW PROOF OF THE CONSTANCY OF 6 

For the sake of subjecting the constancy of e to the 
most searching test, I have made new measurements 
of the same kind as those heretofore reported, but using 
now a range of sizes which overlaps that in which Dr, 
Ehrenhaft works. I have also varied through wide 
limits the nature and density of both the gas and the 
drops. Fig. 13 (I) contains new oihdrop data taken in 
air; Fig. 13 (II) similar data taken in hydrogen. The 
radii of these drops, computed by the very exact method 
given in the Physical Review,'^ vary tenfold, namely, 
from .000025 cm. to .00023 cm. Dr. Ehrenhaft’s range 
is from .000008 cm. to .000025 cm. It will be seen that 
these drops fall in every instance on the lines of Fig. 13, 
I and II, and hence that they all yield exactly the same 
value of (5*, namely, 61.1X10^®. The details of the 
measurements, which are just like those previously given, 
will be entirely omitted. There is here not a trace of an 
indication that the value of ^^e^^ becomes smaller as “a’' 
decreases. The points on these two curves represent 
consecutive series of observations, not a single drop 
being omitted in the case of either the air or the hydro- 
gen. This shows the complete uniformity and con- 
sistency which we have succeeded in obtaining in the 
work with oil drops. 

That mercury drops show a similar behavior was 
somewhat imperfectly shown in the original observations 
which I published on mercury.® I have since fully con- 
firmed the conclusions there reached. That mercury 
drops caD with suitable precautions be made to behave 

‘II (1913), 117. 

'^Ihid.^ CCC (1911), 389-90. 
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practically as consistently as oil is shown in Fig. 13 (III), 
which represents data obtained by blowing into the 
observing chamber above the pinhole in the upper plate a 
cloud of mercury droplets formed by the condensation 
of the vapor arising from boiling mercury. These results 
have been obtained in the Ryerson Laboratory with my 
apparatus by Mr. John B. Derieux. Since the pressure 
was here always atmospheric, the drops progress in the 
order of size from left to right, the largest having a 
diameter about three times that of the smallest, the 
radius of which is .00003244 cm. The original data may 
be found in the Physical Renew, December, 1916. In 
Fig. 13 (IV) is found precisely similar data taken with 
my apparatus by Dr. J. Y. Lee on solid spheres of shellac 
falling in air.^ Further, very beautiful work, of this 
same sort, also done with my apparatus, has recently 
been published by Dr. Yoshio Ishida {Phys. Rev,, May, 
1923), who, using many different gases, obtains a group 
of lines like those shown in Fig. 13, all of which though 
of different slopes, converge upon one and the same value 
of namely, 61.08X10'^^, 

These results establish with absolute conclusiveness the 
correctness of the assertion that the apparent value of the 
electron is not in general a function of the gas in which 
the particle falls, of the materials used, or of the radius of 
the drop on which it is caught, even when that drop is of 
mercury, and even when it is as small as some of those 

^ The results shown in Fig. 13 do not lay claim to the precision 
reached in those recorded in Table X and Fig. 10. No elaborate pre- 
cautions were here taken in the calibration of the Hipp chronoscope and 
the voltmeter, and it is due to slight errors discovered later in these 
calibrations that the slope of line I in Fig. 13 is not quite in agreement 
with the slope in Fig. 10. 
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with which Dr. Ehrenhaft obtained his erratic results. 
If it appears to be so with his drops, the cause cannot 
possibly be found in actual fluctuations in the charge of 
the electron without denying completely the validity of 
my results. But these results have now been checked, in 
their essential aspects, by scores of observers, including 
Dr. Ehrenhaft himself. Furthermore, it is not my results 
alone with which Dr. Ehrenhaft^s contention clashes. 
The latter is at variance also with all experiments like 
those of Rutherford and Geiger and Regener on the meas- 
urement of the charges carred by a- and /5-particles, for 
these are infinitely smaller than any particles used by Dr. 
Ehrenhaft; and if, as he contends, the value of the unit 
out of which a charge is built up is smaller and smaller 
the smaller the capacity of the body on which it is found, 
then these a-particle charges ought to be extraordinarily 
minute in comparison with the charges on our oil drops. 
Instead of this, the charge on the a-particle comes out 
exactly twice the charge which I measure in my oil-drop 
experiments. 

While then it would not be in keeping with the spirit 
or with the method of modern science to make any dog- 
matic assertion about the existence or non-existence of a 
sub-electron, it can be asserted with entire confidence 
that there has not appeared up to the present a scrap of 
evidence for the existence of charges smaller than the 
electron. If all of Dr. Ehrenhaft’s assumptions as to the 
nature of his particles were correct, then his experiments 
would mean simply that Einstein’s Brownian-movement 
equation is not of universal validity and that the law of 
motion of minute charged particles is quite different from 
that which he has assumed. It is exceedingly unlikely that 
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either of these results can be drawn from his experiments, 
for Nordlund^ and Westgren® have apparently verified 
the Einstein equation in liquids with very much smaller 
particles than Dr. Ehrenhaft uses; and, on the other 
hand, while I have worked with particles as small as 

I 

2 X IO-® cm. and with values of “ as large as 135, which is 

CL 

very much larger than any which appear in the work of 
Dr. Ehrenhaft and his pupils, I have thus far found no 
evidence of a law of motion essentially different from 
that wliich I published in 1913, and further elaborated 
and refined in 1923. 

There has then appeared up to the present time no evi- 
dence whatever for the existence oj a sub-electron. The 
chapter having to do with its discussion is now considered 
for the present at least to have been closed,^ but it consti- 
tutes an interesting historical document worthy of study 
as an illustration on the one hand of the solidity of the 
foundations upon which the atomic theory of electricity 
now rests, and on the other hand of the severity of the 
gauntlet of criticism which new results must run before 
they gain admission to the body of established truth in 
physics. 

* Zeii, fUr Phys. Chem.y LXXXVII (1914), 40. 

® Inaugural Dissertation von Arne Westgren, Untmuchungen ilbcr 
Brownsche Bewegungj Stockholm, 1915. 

3 R. Biir, “Der Streit urn das Elektron , Die Nat urwissenschaf ten, 

IQ22. 



CHAPTER IX 

THE STRUCTURE OF THE ATOM 

We have shown in the preceding chapters how within 
the last three decades there has been discovered beneath 
the nineteenth-centnry world of molecules and atoms a 
wholly new world of electrons, the very existence of 
which was undreamed of forty years ago. We have 
seen that these electrons, since they can be detached by 
X-rays from all kinds of neutral atoms, must be con- 
stitutents of all atoms. Whether or not they are the sole 
constituents we have thus far made no attempt to deter- 
mine. We have concerned ourselves with studying the 
properties of these electrons themselves and have found 
that they are of two kinds, negative and positive, which 
are, however, exactly alike in strength of charge but 
wholly different in inertia or mass, the negative being 
commonly associated with a mass which is but 1/1,835 
of that of the lightest known atom, that of hydrogen 
while the positive appears never to be associated with 
a mass smaller than that of the hydrogen atom. Wt 
have found how to isolate and measure accurately the 
electronic charge and have found that this was the key 
which unlocked the door to many another otherwise 
inaccessible physical magnitude. It is the purpose of 
this chapter to consider certain otlier fields of exact 
knowledge which have been opened up through the 
measurement of the electron, and in particular to discuss 
what the physicist, as he has peered with his newly dis- 
covered agencies. X-rays, radioactivity, ultra-violet 
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light, etc., into the insides of atoms, has been able to 
discover regarding the numbers and sizes and relative 
positions and motions of these electronic constituents, 
and to show how far he has gone in answering the 
question as to whether the electrons are the sole building- 
stones of the atoms. 

I. THE SIZES OF ATOMS 

One of the results of the measurement of the electronic 
charge was to make it possible to find the quantity which 
is called the diameter of an atom with a definiteness and 
precision theretofore altogether unattained. 

It was shown in chap, v that the determination of e 
gave us at once a knowledge of the exact number of 
molecules in a cubic centimeter of a gas. Before this 
was known we had fairly satisfactory information as to 
the relative diameters of different molecules, for we 
have known for a hundred years that different gases 
when at the same temperature and pressure possess the 
same number of molecules per cubic centimeter (Avo- 
gadro’s rule). From this it is at once evident that, as 
the molecules of gases eternally dart hither and thither 
and ricochet against one another and the walls of the 
containing vessel, the average distance through which 
one of them will go between collisions with its neighbors 
will depend upon how big it is. The larger the diameter 
the less will be the mean distance between collisions — a 
quantity which is technically called “the mean free path.’’ 
Indeed, it is not difficult to see that in different gases the 
mean free path I is an inverse measure of the molecular 
cross-section. The exact relation is easily deduced (see 
Appendix E), It is 

/= 7-7= ... (31) 

Ttnd^V 2 
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in which d is the molecular diameter and n is the number 
of molecules per cubic centimeter of the gas. Now, we 
have long had methods of measuring I, for it is upon 
this that the coefficient of viscosity of the gas largely 
depends. When, therefore, we have measured the 
viscosities of different gases we can compute the corre- 
sponding Vs, and then from equation (31) the relative 
diameters since n is the same for all gases at the same 
temperature and pressure. But the absolute value of 
d can be found only after the absolute value of n is 
known. If we insert in equation (31) the value of n 
found from e by the method presented in chap, v, it is 
found that the average diameter of the atom of the 
monatomic gas helium is 2X10*"^ cm., that of the dia- 
tomic hydrogen molecule is a trifle more, while the diam- 
eters of the molecules of the diatomic gases, oxygen and 
nitrogen, are 50 per cent larger.^ This would make the 
diameter of a single atom of hydrogen a trifle smaller, 
and that of a single atom of oxygen or nitrogen a trifle 
larger than that of helium. By the average molecular 
diameter we mean the average distance to which tlie 
centers of two molecules approach one another in such 
impacts as are continually occurring in connection with 
the motions of tliermal agitation of gas molecules — this 
and nothing more. 

As will presently appear, the reason that two mole- 
cules thus rebound from one another when in their 
motion of thermal agitation their centers of gravity ap- 
proach to a distance of about 2X10”^ cm. is presumably 
that the atom is a system with negative electrons in its 
outer regions. When these negative electrons in two 

* R. A. Millikan, Phys. Rev., XXXII (19x1), 397. 
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different systems which are coming into collision ap- 
proach to about this distance, the repulsions between 
these similarly charged bodies begin to be felt, although 
at a distance tlie atoms are forceless. With decreasing 
distance this repulsion increases very rapidly until it 
becomes so great as to overcome the inertias of the 
systems and drive them asunder. 

11. THE RADIUS OF THE ELECTRON FROM THE ELECTRO- 
MAGNETIC THEORY OF THE ORIGIN OF MASS 

The first estimates of the volume occupied by a 
single one of the electronic constituents of an atom were 
obtained from tlie electromagnetic theory of the origin 
of mass, and were therefore to a pretty large degree 
speculative, but since these estimates are strikingly in 
accord with results which follow from direct experiments 
and are independent of any theory, and since, further, 
they are of extraordinary philosophic as well as historic 
interest, they will briefly be presented here. 

Since Rowland proved that an electrically charged 
body in motion is an electrical current the magnitude 
of which is proportional to the speed of motion of the 
charge, and since an electric current, by virtue of tlie 
property called its self-induction, opposes any attempt 
to increase or diminish its magnitude, it is clear that an 
electrical charge, as such, possesses the property of 
inertia. But inertia is the only invariable property 
of matter. It is the quantitative measure of matter, 
and matter quantitatively considered is called mass. It 
is clear, then, theoretically, that an electrically charged 
pith ball must possess more mass than the same pith 
ball when uncharged. But when we compute how much 
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the mass of a pith ball is increased by any charge which 
we can actually get it to hold, we find that the increase 
is so extraordinarily minute as to be hopelessly beyond 
the possibility of experimental detection. However, 
the method of making this computation, which was first 
pointed out by Sir J. J. Thomson in i88i,* is of unques- 
tioned validity, so that we may feel quite sure of the 
correctness of the result. Further, when we combine 
the discovery that an electric charge possesses the dis- 
tinguishing property of matter, namely, inertia, with 
the discovery that all electric charges are built up out 
of electrical specks all alike in charge, we have made it 
entirely legitimate to consider an electric current as the 
passage of a definitCj material, granular substance along 
Ike conductor. In other words, the two entities, electricity 
and matter, which the nineteenth century tried to keep 
distinct, begin to look like different aspects of one and the 
same thing. 

But, though we have thus justified the statement 
that electricity is material, have we any evidence as yet 
that all matter is electrical — that is, that all inertia is 
of the same origin as that of an electrical charge? The 
answer is that we have evidence, but as yet no proof. 
The theory that this is the case is still a speculation, 
but one which rests upon certain very significant facts. 
These facts are as follows: 

If a pith ball is spherical and of radius a, then the 
mass m due to a charge E spread uniformly over its sur- 
face is given, as is shown in Appendix D by, 


m 


2 & 
3 « 


(32) 


* J, J. Thomson, Fhil. Mag,, XI (i88i), 229. 
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The point of especial interest in this result is that the 
mass is inversely proportional to the radius, so that the 
smaller tlie sphere upon which we can condense a given 
charge E the larger the mass of that charge. If, then, we 
had any means of measuring the minute increase in mass 
of a pith ball when we charge it electrically with a known 
quantity of electricity £, we could compute from equation 
(32) the size of this pith ball, even if we could not see 
it or measure it in any other way. This is much the sort 
of a position in which we find ourselves with respect to 
the negative electron. We can measure its mass, and it is 
found to be accurately 1/1,835 of that of the hydrogen 
atom. We have measured accurately its charge and 
hence can compute the radius a of the equivalent sphere^ 
that is, the sphere over which e would have to be uni- 
formly distributed to have the observed mass, provided 
we assume that the observed mass of the electron is all 
due to its charge. 

The justification for such an assumption is of two 
kinds. First, since we have found that electrons are 
constituents of all atoms and that mass is a property 
of an electrical charge, it is of course in the interests 
of simplicity to assume that all the mass of an atom is 
due to its contained electrical charges, rather than that 
there are two wholly different kinds of mass, one of 
electrical origin and the other of some other sort of an 
origin. Secondly, if the mass of a negative electron 
is all of electrical origin, then we can show from electro- 
magnetic theory that this mass ought to be independent 
of the speed with which the electron may chance to be 
moving unless that speed approaches close to the speed 
of light. But from one-tenth the speed of light up to 
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that speed the mass ought to vary with speed in a 
definitely predictable way. 

Now, it is a piece of rare good fortune for the testing 
of this theory that radium actually does eject negative 
electrons with speeds which can be accurately measured 
and which do vary from three-tenths up to ninety-eight 
hundredths of that of light. It is further one of the 
capital discoveries of the twentieth century'^ that within 
these limits the observed rate of variation of the mass 
of the negative electron with speed agrees accurately with 
the rate of variation computed on the assumption that this 
mass is all of electrical origin. Such is the experimental 
argument for the electrical origin of mass.® 

Solving then equation (32) for a, we find that the 
radius of the sphere over which the charge e of the 
negative electron would have to be distributed to have 
the observed mass is but 2X10"“^^ cm., or but one fifty- 
thousandth of the radius of the atom (10“^ cm.). From 
this point of view, then, the negative electron represents a 
charge of electricity which is condensed into an exceed- 
ingly minute volume. In fact, its radius cannot be 
larger in comparison with the radius of the atom than 
is the radius of the earth in comparison with the radius 
of her orbit about the sun. 

In the case of the proton (the positive electron asso- 
ciated with the mass of the nucleus of the atom of 
hydrogen) there is no direct experimental justification 
for the assumption that the mass is also wholly of elec- 
trical origin, for we cannot by any means whatever ob- 

^ Bucherer, Annalen der Physik, XXVIII (X909), 513. 

3 The inadequacy in this argument arises from the fact that Einstein’s 
Theory of Relativity requires that all mass, whether of electromagnetic 
origin or not, varies in just this way with speed. 
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tain as yet any protons which are endowed with speeds 
greater than a few tenths of that of light. But in view 
of the experimental results obtained with the negative 
electron, the carrying over of the same assumption to the 
proton has been at least natural. Further, if this step 
be taken, it is clear from equation (32), since m for this 
positive is nearly two thousand times larger than m for 
the negative, that a for the positive can be only 1/2,000 
of what it is for the negative. In other words, the size 
of the proton would be to the size of the negative electron 
as a sphere having a two-mile radius would be to the size 
of the earth. From the standpoint, then, of the electro- 
magnetic theory of the origin of mass, the dimensions of 
the negative and positive constituents of atoms in com- 
parison with the dimensions of the atoms themselves are 
like the dimensions of the planets and asteroids in com- 
parison with the size of the solar system. All of these 
computations, whatever their value, are rendered pos- 
sible by the fact that e is now known. 

Now we know from methods which have nothing to 
do with the electromagnetic theory of the origin of 
mass, that the excessive minuteness predicted by that 
theory for both the positive and the negative constitu- 
ents of atoms is in fact correct, though we have no evi- 
dence as to whether the foregoing ratio is right. 

III. nniECT EXPERIMENTAL PROOP OE THE EXCESSIVE 
MINUTENESS OE THE ELECTRONIC CONSTITUENTS 
OE ATOMS 

For at least thirty years we have had direct experi 
mental proof*^ that the fastest of the a-particles, or 

^ Bragg, Phil, Mag.^ VIII (1904), 719, 726; X (1905), 318; XI 
(1906), 617. 
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helium atoms, which are ejected by radium, shoot in 
practically straight lines through as much as 7 cm. of 
air at atmospheric pressure before being brought to rest. 
This distance is then called the ‘Tange'’ of these a-rays. 
Figs, 14 and 15 show actual photographs of the tracks of 
such particles. We know too, for the reasons given on 
p. 139, that these a-particles do not penetrate the air 
after the manner of a bullet, namely, by pushing the 
molecules of air aside, but rather that they actually 
shoot through all the molecules of air which they encoun- 
ter. The number of such passages through molecules 
which an a-particle would have to make in traversing 
seven centimeters of air would be about a hundred and 
thirty thousand. 

Further, the very rapid jS-particIes, or negative 
electrons, which are shot out by radium have been 
known for a still longer time to shoot in straight lines 
through much greater distances in air than 7 cm., and 
even to pass practically undeflected through appreciable 
thicknesses of glass or metal. 

We saw in chap, vi that the tracks of both the a- and 
the / 3 -particles through air could be photographed 
because they ionize some of the molecules through which 
they pass. These ions then have tlie f)roperty of con- 
densing water vapor about themselves, so that water 
droplets are formed which can be photographed by 
virtue of the light which they reflect. Fig. 17 shows the 
track of a very high-speed |d-ray. A little to the right of 
the middle of the photograph a straight line can be 
drawn from bottom to top which will pass through a 
great many pairs of specks. These specks are the 
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water droplets formed about the ions which were pro- 
duced at these points. Since we know the size of a 
molecule and the number of molecules per cubic centi- 
meter, we can compute, as in the case of the a-particle, 
the number of molecules through which a jS-particle 
must pass in going a given distance. The extraordinary 
situation revealed by this photograph is that this par- 
ticular particle shot through on an average as many as 
. 300 atoms before it came near enough to an elec- 
tronic constituent of any one of these atoms to detach 
it from its system and form an ion. This shows con- 
clusively that the electronic or other constituents of atoms 
can occupy hut an exceedingly small fraction of the space 
inclosed within the atomic system. Practically the whole 
of this space must he empty to an electron going with 
this speed. 

The left panel in the lower half of the plate (Fig. 16) 
shows the track of a negative electron of much slower 
speed, and it will be seen, first, that it ionizes much 
more frequently, and, secondly, that instead of continu- 
ing in a straight line it is deflected at certain points 
from its original direction. The reason for both of these 
fects can readily be seen from the considerations on 
p. 139, which it may be worth while to extend to the case 
m hand as follows. 

If a new planet or other relatively small body were 
to shoot with stupendous speed through our solar sys- 
tem, the time which it spent within our system might 
be so small that the force between it and the earth or 
any other member of the solar system would not have 
time either to deflect the sti'anger from its path or to 
pull the earth out of its orbit. If the speed of the strange 
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body were smaller, however, the effect would be more 
disastrous both to the constituents of our solar system 
and to the path of the strange body, for the latter 
would then have a much better chance of pulling one 
of the planets out of our solar system and also a 
much better chance of being deflected from a straight 
path itself. The slower a negative electron moves, 
then, the more is it liable to deflection and the more 
frequently does it ionize the molecules through which 
it passes. 

This conclusion finds beautiful experimental con- 
firmation in the three panels of the plate opposite this 
page, for the speed with which X-rays hurl out negative 
electrons from atoms has long been known to be much 
less than the speed of jS-rays from radium, and the zigzag 
tracks in these photographs are the paths of these cor- 
puscles. It will be seen that they bend much more often 
and ionize much more frequently than do the rays shown 
in Figs. 16 and 17. 

But the study of the tracks of the a-particles (Figs. 14 
and 15, opposite p. 190) is even more illuminating as 
to the structure of the atom. For the a-particle, being 
an atom of helium eight thousand times more massive 
than a negative electron, could no more be deflected by 
one of the latter in an atom through which it passes 
than a cannon ball could be deflected by a pea. Yet 
Figs. 14 and 15 show that toward the end of its path 
the a-particle does in general suffer several sudden 
deflections. Such deflections could be produced only 
by a very powerful center of force within the atom 
whose mass is at least comparable with the mass of the 
helium atom. 






Collision of a-particle with oxygen atom 
Blackett’s Photographs or a-P article Collisions 
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These sharp deflections, which occasionally amount 
to as much as 150^ to iSo"^, lend the strongest of support 
to the view that the atom consists of a heavy positively 
charged nucleus about which are grouped enough elec- 
trons to render the whole atom neutral. But the fact 
that in these experiments the a-particle goes through 
130,000 atoms without approaching near enough to this 
central nucleus to suffer appreciable deflection more 
than two or three times constitutes the most convincing 
evidence that this central nucleus which holds the nega- 
tive electrons within the atomic system occupies an 
excessively minute volume, just as we computed from 
the electromagnetic theory of the origin of mass that 
the proton, for' example, should do. Indeed, knowing as 
he did by direct measurement the speed of the a-particle, 
Rutherford, who is largely responsible for the nucleus- 
atom theor}^, first computed,* with the aid of the inverse 
square law, which we know to hold between charged 
bodies of dimensions which are small compared with their 
distances apart, how close the a-particle would approach 
to the nucleus of a given atom like that of gold before 
it would be turned back upon its course (see Appendix F). 
The result was in the case of gold, one of the heaviest 
atoms, about 10“"” cm., and in the case of hydrogen, the 
lightest atom, about 10““*^ cm. These are merely upper 
limits for the dimensions of the nuclei. 

However uncertain, then, we may feel about the 
sizes of positive and negative electrons computed from 
the electromagnetic theory of the origm of the mass, we 
may regard it as fairly well established by such direct 
experiments as these that the electronic constituents 

^Phil Mag,, XXI fxpn). 669. 
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of atoms are as small, in comparison with the dimensions 
of the atomic systems, as are the sun and planets in 
comparison with the dimensions of the solar system. 
Indeed, when we reflect that we can shoot helium atoms 
by the billion through a thin-walled highly evacuated 
glass tube without leaving any holes behind, i.e., without 
impairing in the slightest degree the vacuum or percep- 
tibly weakening the glass, we see from this alone that 
the atom itself must consist mostly of ^^hole'^; in other 
words, that an atom, like a solar system, must be an 
exceedingly loose structure whose impenetrable portions 
must be extraordinarily minute in comparison with the 
penetrable portions. The notion that an atom can 
appropriate to itself all the space within its boundaries 
to the exclusion of all others is then altogether exploded 
by these experiments. A particular atom can certainly 
occupy the same space at the same time as any other 
atom if it is only endowed with suj0&cient kinetic energy. 
Such energies as correspond to the motions of thermal 
agitation of molecules are not, however, sufflcient to 
enable one atom to penetrate the boundaries of another, 
hence the seeming impenetrability of atoms in ordinary 
experiments in mechanics. That there is, however, a 
portion of the atom which is wholly impenetrable to the 
alpha particles is definitely proved by experiments of 
the sort we have been considering; for it occasionally 
happens that an alpha particle hits this nucleus ^^head 
on,’’ and, when it does so, it is turned straight back 
upon its course. As indicated above, the size of this 
impenetrable portion, which may be defined as the size 
of the nucleus, is in no case larger than i/io,ooo the 
diameter of the atom, and yet there may be contained within 
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it, as will presently he shown^ several hundred positive and 
negative electrons, so that the excessive minuteness of these 
bodies is established, altogether without reference to any 
theory as to what they are, 

IV. THE NUMBER OP ELECTRONS IN AN ATOM 

If it be considered as fairly conclusively established 
by the experiments just described that an atom consists 
of a heavy but very minute positively charged nucleus 
which holds light negative electrons in some sort of a 
configuration about it, then the number of negative 
electrons outside the nucleus naust be such as to have a 
total charge equal to the free positive charge of the 
nucleus, since otherwise the atom could not be neutral. 

But the positive charge on the nucleus has been 
approximately determiued as follows: With the aid of 
the knowledge, already obtained through the determina- 
tion of e, of the exact number of atoms in a given weight 
of a given substance, Sir Ernest Rutherford^ first com- 
puted the chance that a single helium atom in being 
shot with a known speed through a sheet of gold foil 
containing a known number of atoms per unit of area of 
the sheet would suffer a deflection through a given angle. 
This computation can easily be made in terms of the 
known kinetic energy and charge of the a-particle, 
the known number of atoms in the gold foil, and the 
unknown charge on the nucleus of the gold atom (see 
Appendix F). Geiger and Marsden^ then actually 
counted in Rutherford’s laboratory, by means of the 
scintillations produced on a zinc-sulphide screen, what 

^ Phil Mag,, XXI (1911), 669-88, 

» md ,, XXV (1913), 604. 
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fraction of, say, a thousand a-particles, which were 
shot normally into the gold foil, were deflected through 
a given angle, and from this observed number and 
Rutherford's theory they obtained the number of free 
positive charges on the nucleus of the gold atom. 

Repeating the experiment and the computations 
with foils made from a considerable number of other 
metals, they found that in every case the number oj free 
positive charges on the atoms of dij'erent substances was 
approximately equal to half its atomic weight. This 
means that the aluminum atom, for example, has a 
nucleus containing about thirteen free positive charges 
and that the nucleus of the atom of gold contains in 
the neighborhood of a hundred. This result was in 
excellent agreement with the conclusion reached inde- 
pendently by Barkla" from experiments of a wholly 
different kind, namely, experiments on the scattering 
of X-rays. These indicated that the number of scatter- 
ing centers in an atom — that is, its number of free 
negative electrons — was equal to about half the atomic 
weight. But this number must, of course, equal the 
number of free positive electrons in the nucleus. 

V. Moseley's remarkable discovery 

The foregoing result was only approximate. Indeed, 
there was internal evidence in Geiger and Marsden's 
work itself that a half was somewhat too high. The 
answer was made very definite and very precise in 1913 
through the extraordinary work of a brilliant young 
Englishman, Moseley, who, at the age of twenty-seven, 
had accomplished as notable a piece of research in 

^ PUL Mag ,, XXI (1911), 648. 
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physics as has appeared during the last fifty years. 
Such a mind was one of the early victims of the world- 
war. He was shot and killed instantly in the trenches 
in Gallipoli in the summer of 1915. 

Laue in Munich had suggested in 1912 the use of the 
regular spacing of the molecules of a crystal for the 
analysis, according to the principle of the grating, of 
ether waves of very short wave-length, such as X-rays 
were supposed to be, and the Braggs^ had not only 
perfected an X-ray spectrometer which utilized this 
principle, but had determined accurately the 1 wave- 
lengths of the X-rays which are characteristic of certain 
metals. The accuracy with which this can be done is 
limited simply by the accuracy in the determination of 
so that the whole new field of exact X-ray spectrometry 
is made available through our exact knowledge ofve. 
Moseley's discovery,® made as a result of an elaborate 
and difiicult study of the wave-lengths of the character- 
istic X-rays which were excited when cathode rays were 
made to impinge in succession upon anticathodes em- 
bracing most of the known elements, was that these 
characteristic wave-lengths of the different elexnents, or, 
better, their characteristic frequencies, are related in a 
very simple but a very significant way. These frequencies 
were found to constitute the same sort of an arithmetical 
progression as do the charges which we found to exist on our 
oil drops. It was the square root of the frequencies rather 
than the frequencies themselves which showed this beauti- 
fully simple relationship, but this is an unimportant detail. 
The significant fact is that, arranged in the order of increas- 

* Bjagg, X-Rays and Crystal Structure, 1915. 

» Phil. Map,, XXVI (191a), 1024; XXVtl (1914), 703. 
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ing frequency of their characteristic X-ray spectra^ all the 
known elements which have been examined constitute a 
simple arithmetical series each member of which is obtained 
from its predecessor by adding always the same quantity. 

The plate opposite this page shows photographs of 
the X-ray spectra of a number of elements whose atomic 
numbers — that is, the numbers assigned them in Mose- 
ley's arrangement of the elements on the basis of increas- 
ing X-ray frequency — are given on the left. These 
photographs were taken by Siegbahn.* The distance 
from the ^‘central image" — in this case the black line 
on the left — to a given line of the line spectrum on the 
right is approximately proportional to the wave-length 
of the rays producing this line. The photographs show 
beautifully, first, how the atoms of all the elements 
produce spectra of just the same type, and, secondly, how 
the wave-lengths of corresponding lines decrease, or 
the frequencies increase, with increasing atomic number. 
The photograph on the left shows this progression for 
the highest frequency rays which the atoms produce, the 
so-called K series, while the one on the right shows the 
same sort of a progression for the rays of next lower fre- 
quency, namely, those of the so-called L series, which have 
uniformly from seven to eight times the wave-length 
of the K series. The plate opposite p. 199 shows some 
very beautiful photographs taken by De Broglie in Paris** 
in October, 1916. The upper one is the X-ray emission 
spectrum of tungsten. It consists of general radia- 
tions, corresponding to white light, scattered through- 
out the whole length of the spectrum as a background 

* Jahrhuch der Radioaktivitdt u. Elekironik, XIII (1916), 326. 

* Comptes rendust CLXV (1916), 87, 352. 
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spectral lines) as the atomic number N increases. This is 
shown both in the K series, which is produced by stimulating 
the inmost pair of electrons in each atom, and the L series, 
which is produced by stimulating the group of eight electrons 
in the second ring or shell from the center. 
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and superposed upon these two groups of lines. The 
two K lines are here close to the central image, for the 
K wave-lengths are here very short, since tungsten has 
a high atomic number (74). Farther to the right is 
the L series of tungsten lines which will be recognized 
because of its similarity to the L series in the plate 
opposite p. 198. Between the IC and the L lines are two 
absorption edges marked and . The former 

represents the frequency above which the silver absorbs 
all the general radiation of tungsten but below which it 
lets it all through. The latter is the corresponding line 
for bromine. In a print from a photograph absorption 
in the plate itself obviously appears as a darkening, 
transmission as a lightening. Just below is the spectrum 
obtained by inserting a sheet of molybdenum in the 
path of the beam, i.e., before the slit of the spectrometer. 
Absorption in the molybdenum will obviously appear 
as a lightening, transmission as a darkening. It will 
be seen that the molybdenum absorbs all the frequencies 
in the X-ray emission of tungsten higher than a partic- 
ular frequency and lets through all frequencies lower 
than this value. 'This remarkable characteristic of the 
absorption of X-rays was discovered by Barkla in 1909.' 
The absorption edge at which, with increasing frequency, 
absorption suddenly begins is very sharply marked. 
This edge coincides with the highest emission frequency 
of which molybdenum is theoretically capable, and is 
a trifle higher than the highest observed emission fre- 
quency. De Broglie has measured accurately these 
critical absorption frequencies for all the heavy elements 

' Barkla and Sadler, Phil. Ma^., XVII (May, 1909), 749. 
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up to thorium, thus extending the K series from atomic 
number N==6o where he found it, to N -Qo, a notable 
advance. The two absorption edges characteristic of 
the silver and the bromine in the photographic plate 
appear in the same place on all the photographs in 
winch they could appear. The other absorption edges 
vary from element to element and are characteristic 
each of its particular element. The way in which this 
critical absorption edge moves toward the central 
image as the atomic number increases in the steps Br 35, 
Mo 42, Ag 47, Cd 48, Sb 51, Ba 56, W 74, lig 80, is very 
beautifully shown in De Broglie^s photographs all the 
way up to mercury, where the absorption edge is some- 
what inside the shortest of the characteristic K radiations 
of tungsten. There must be twelve more of these 
edges between mercury (N“8o) and uranium (N==92) 
and De Broglie has measured them up to thorium 
(N^go). They become, however, very difficult to 
locate in this IC region of frequencies on account of their 
extreme closeness to the central image. But the L 
radiations, which are of seven times longer wave-length, 
may then be used, and Fig. 23 of the plate opposite page 
igg shows the L-ray absorption edges, of which there 
are three, as obtained by De Broglie in both uranium and 
thorium, so that the position in the Moseley table of eacji 
element all the way to the heaviest one, uranium, is fixed 
in this way by direct experiment. Fig. 25 shows the 
progression of square-root frequencies as it appears from 
measurements made on the successive absorption edges 
of De Broglie^s photographs and on a particular one of 
Siegbahn^s emission lines, It will be noticed that, in 
going from bromine (35) to uranium (92), the length oi 



These ].)cta ray trucks were taken ])y C. T, R. Wilson. The electrons 
are photoelectrlcally released and hence receive the full energy of the 
incident photons, here over 25,000 volts. When these photons are of 
sufliciently low enei’gy the electrons arc thrown out at right angles to 
the direction of tlic incident photon (sec Figs. 18, 19, 20), but as the ener- 
gy increases the electron tends to take on a stronger and stronger forward 
component here shown. The X-ray beam was here a very narrow one 
passing upward in a line just to the right of the middle of the figure (see 
aiTowj, 







This figure shows in graphical form the linear stcp-by-step progres- 
sion of square-root X-ray frequencies with atomic numlicr, It is this 
relationship, now extending in 92 steps from hydrogen up to iiranium, 
that tells us that the physical world as we know it is built up out of just 
92 elements, an element lacing defined as a body possessing a given nuclear 
charge, and therefore in its neutral state having a corresponding number 
of extra-nuclear electrons. Fermi, in Rome, announced in 1:934 that 
there is some evidence for the existence of element of atomic number 93. 
Each element may have a number of isotopes because the foregoing charge 
relations can be built up by comliinations of protons and negative elec- 
trons that give different weights to the nucleus, 
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the step does change by a few per cent. The probable 
cause of this will be considered later. 

According to modern theory an absorption edge 
appears where the incident energy — which is proportional 
to the incident frequency — has become just large enough 
to lift the particular electron which absorbs it entirely 
out of the atom. If this removed electron should then 
fall back to its old place in the atom, it would emit in 
so doing precisely the frequency which was absorbed in 
the process of removal. 

Since these enormously high X-ray frequencies must 
arise from electrons which fall into extraordinarily 
powerful fields of force, such as might be expected to 
exist in the inner regions of the atom close to the nucleus, 
Moseley^s discovery strongly suggests that the charge on 
this nucleus is produced in the case of each atom by 
adding some particular invariable charge to the nucleus 
of the atom next below it in Moseley^s table. This 
suggestion gains added weight when it is found that with 
one or two trifling exceptions, to be considered later, 
Moseleys series of increasing X-ray frequencies is exactly 
the series of increasing atomic weights. It also receives 
powerful support from the following discovery. 

Mendele6f[^s periodic table shows that the progres- 
sion of chemical properties among the elements coincides 
in general with the progression of atomic weights. Now 
it was pointed out twenty years ago that whenever a radio- 
active substance loses a doubly charged a-particle it 
moves two places to the left in the periodic table, while 
whenever it loses a singly charged i8~particle it moves 
one place to the right,* thus showing that the chemical 

* Soddy, The Chemistry of the Radioelements ^ Part II, 1014. 
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character of a substance depends upon the number of 
free positive charges in its nucleus. 

One of the most interesting and striking character- 
istics of Moseley^s table is that all the known elements 
between sodium (atomic number ii, atomic weight 23) 
and lead (atomic number 82, atomic weight, 207.2) have 
been fitted into it and there are now left no vacancies 
within this range. Below sodium there are just 10 known 
elements, and very recent study" of their spectra in the 
extreme ultra-violet has fixed the place of each in the 
Moseley progression, though in this region the progres- 
sion of atomic weights and of chemical properties is also 
altogether definite and unambiguous. It seems highly 
probable, then, from Moseley^s work that we have al- 
ready found every one of the complete series of differ- 
ent types of atoms from hydrogen to lead, i.e., from i 
to 82, of which the physical world is built. From 82 
to 92 comes the group of radioactive elements which 
are continually transmuting themselves into one another, 
and above 92 (uranium) it is not likely that any elements 
exist. 

That hydrogen is indeed the base of the Moseley 
series can be seen independently of all theory by the fol- 
lowing simple computation. If we write Moseley^s discov- 
ery that the square roots of the highest frequencies, nx, 
etc., emitted by different atoms are proportional to the 
nuclear charges, £1, etc., in the following form: 



E, 


or 


\2jL\ 
\x m 


(33) 


* Millikan and Bowen, * **Extreme Ultra-Violet Spectra/’ Phys. jRey,, 

January, 1924, 
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and substitute for the observed wave-length of the 
highest frequency line emitted by tungsten — a wave- 
length which has been accurately measured and found to 
be 0.179X10“* era,; and, further, if we substitute for Ea, 
74, the atomic number of tungsten, and for Ej, i, if the 
Moseley law were exact we should obtain, by solving 
for Xi, the wave-length of the highest frequency line 
which can be emitted by the element whose nucleus 
contains but one single positive electron. The result of 
this substitution is Xi = 98,o/i/ii (millionths millimeters). 
Now the wave-length corresponding to the highest 
observed frequency in the ultra-violet series of hydrogen 
lines recently discovered by Lyman is 97.4 ixn and there 
is every reason to believe from tlie form of this series 
that its convergence wave-lengtli — this corresponds to 
the highest frequency of which the hydrogen atom is 
theoretically capable — is 91,2 nii. The agreement is 
only approximate, but it is as close as could be expected 
in view of the lack of exact equality in the Moseley steps. 
Il is well-nigh certain, then, that this Lyman nltra-viokl 
series of hydrogen lines is nothing but the K X-ray scries oj 
hydrogen. Similarly, it is equally certain that the L 
X-rays series of hydrogen is the ordinary B aimer series 
in the visible region, the head of wliich is at X»=36s jaja. 
In other words, hydrogen’s ordinary radiations are its 
X-rays and nothing more. 

There is also an M series for hydrogen discovered by 
Paschen in the ultra-red, whiclr in itself would make it 
probable that there are series for all the elements of 
longer wave-length tlian tlie L series, and tliat the 
complicated optical series observed with metallic arcs 
are parts of these longer wave-length series. As a 
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matter of fact, an M series has been found for a consider- 
able group of the elements of high atomic number. 

Thus the Moseley experiments have gone a long way 
toward solving the mystery of spectral lines. They 
reveal to us clearly and certainly the whole series of 
elements from hydrogen to uranium, all producing 
spectra of remarkable similarity, at least so far as the IC 
and L radiations are concerned, but scattered regularly 
through the whole frequency region, from the ultra- 
violet, where the K lines for hydrogen are found, all 
the way up to frequencies (92)’ or 8,464 times as high. 
There is scarcely a portion of tliis whole field which is not 
already open to exploration. How brilliantly, then, 
have these recent studies justified Uie predictions of the 
spectroscopists that tlie key to atomic structure lay 
in the study of spectral lines! 

Moseley’s work is, in brief, evidence from a wholly 
new quarter tliat all these elements constitute a family, 
each member of wliich is related to every other memlicr 
in a perfectly definite and simple way. It looks as if 
the dream of Thales of Miletus had actually come true 
and that we have found a primordial element out of 
which all substances arc made, or better two of them. 
For the succession of steps from one to ninety-two, each 
corresponding to the addition of an extra free positive 
charge upon the nucleus, suggests at once that the unit 
positive charge is itself a primordial element, and this 
conclusion is strengthened by recently discovered atomic- 
weight relations. It is well known that Front thought 
a hundred years ago that the atomic weights of all ele- 
ments were exact multiples of the weight of hydrogen, 
and hence tried to make hydrogen itself tlie primordial 
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element. But fractional atomic weights like that of 
cliloi'ine (35.5) were found, and were responsible for the 
later abandonment of the theory. Within the past ten 
years, however, it has been shown that, within the limits 
of observational error, practically all of those elements 
which had fractional atomic-weights are mixtures of 
substances, so called isolopes, each of which has an 
atomic weight that is very nearly an exact multiple of 
the unit of the atomic-weight table, so that Prout’s hy- 
pothesis is now very much alive again. 

Indeed, all results so far obtained are consistent with 
the view that within every atomic nucleus each positive 
electron is at least associated with the mass characteristic 
of the nucleus of the hydrogen atom, so that to within 
one part in eighteen hundred thirty-live the mass of every 
atom may be thought of as simply the mass of the whole 
number of hydrogen nuclei, or protons (each charged 
with one positive electron) which are contained within its 
nucleus. Now the atomic weight of helium is four, while 
its atomic number, the free positive charge upon its nu- 
cleus, is only two. The helium atom must therefore 
contain inside Us nucleus two negative electrons which 
neutralize two of these positives and serve to hold to- 
gether the four positives which would otherwise fly 
apart under their mutual repulsions. Into that tiny 
nucleus of helium, then, that infinitesimal speck not as 
big as a pin point, even when we multiply all dimen- 
sions ten billion fold so that the diameter of the helium 
atom, the orbit of its two outer negatives, has become 
a yard, into that still almost invisible nucleus there 
must be packed four positive and two negative elec- 
trons. 
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By tlie same method it becomes possible to count the 
exact number of both positive and negative electrons 
which are packed into the nucleus of every other atom, 
fn uranium, for example, since its atomic weight is 238, 
we know that there must be 238 positive electrons in its 
nucleus. But since its atomic number, or the measured 
number of free unit charges upon its nucleus, is but 92, 
it is obvious that (238—92=) 146 of the 238 positive 
electrons in the nucleus must be neutralized l)y 14O 
negative electrons which are also loUhiu that micleus; 
and so, in general, Ihe atomic weight minus the atomic 
number gives at once the number of negative electrons which 
are contained within the nucleus of any atom. That 
these negative electrons are actually there within the 
nucleus is independently demonstrated by the facts of 
radioactivity, for in the radioactive process we find 
negative electrons, so called ^-rays, actually being 
ejected from the nucleus. They can come from nowhere 
else, for the chemical properties of the radioactive atom 
are found to change with every such ejection of a i 3 -ray, 
and change in chemical character always means change 
in the free charge contained in the micleus. 

We have thus been able to look with the eyes of the 
mind, not only inside an atom, a body which becomes 
but a meter in diameter when looked at through an in- 
strument of ten billion fold magnification, but also inside 
its nucleus, which, even with that magnification, is still a 
mere pin point, and to count within it just how many 
positive and how many negative electrons are tliere 
imprisoned, numbers reaching 238 and 146, respectively, 
in tlie case of the uranium atom. And let it be remem- 
bered, tlie dimensions of tliese atomic nuclei are about 
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one-billiontb of those of the smallest object which has 
ever been seen or can ever be seen and measured in a 
microscope. From these figures it will be obvious that, 
for practical purposes, we may neglect the dimensions 
of electrons altogether and consider them as mere point 
charges. 

But what a fascinating picture of the ultimate struc- 
ture of matter has been presented by this voyage to the 
land of tlie infinitely small 1 Only two ultimate entities 
have we been able to see tliere, namely, positive and 
negative electrons; alike in tlie magnitude of their 
charge but apparently difiering much in mass; the posi- 
tive being eighteen hundred and thirty-five times heavier 
than the negative; both being so vanishingly small tliat 
hundreds of them can somehow get inside a volume whicli 
is still a pin point after all dimensions have been swelled 
ten billion times: the ninety-two different elements of 
the world determined simply by the difference between 
the number of positives and negatives which have been 
somehow packed into the nucleus; all these elements 
transmutable, ideally at least, into one another by a 
simple change in this difference. Has nature a way of 
making these transmutations in her laboratories? She 
is doing it under our eyes in the radioactive process — ^a 
process, however, which is confined to the two heaviest 
elements, uranium and thorium, and their disintegra- 
tion products, save that it is possessed in very slight 
degree by potassium and rhubidium. Does the process 
go on in both directions, heavier atoms being continually 
formed as well as continually disintegrating into lighter 
ones? Not on the earth so far as we can see. Perhaps 
in the depths of space or in the stars. Some day we may 
find out. 
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Can we on the earth artificially control the process? 
To a certain degree \vc know already how to disintegrate 
artificially and also how to build up. For, ever since 
1919 Rutherford and his co-workers at the Cavendish 
Laboratory have been disintegrating all the elements 
from boron to potassium, save only carbon and oxygen, 
by bombarding them with a rays (see opp. p. 190) — a 
process which knocks hydrogen nuclei out of these ele- 
ments. Also beginning in 1932, Cockroft and Walton in 
England, Lawrence in Berkeley, and Lauritsen and Crane 
in Pasadena have built up certain new atoms by throwing 
hydrogen nuclei with great energy, imparted by power- 
ful electric fields, into other nuclei. How far we can 
go in this artificial transmutation of the elements is 
not yet certain. (See chap, xv.) 

VI. THE BOHR ATOM 

Thus far nothing has been said as to whether the 
electrons within the atom are at rest or in motion, or, 
if tliey arc in motion, as to the character of tliese motions. 
In tire hydrogen atom, however, which contains, accord- 
ing to tire foregoing evidence, but one positive and one 
negative electron, there is no known way of preventing 
the latter from falling into the positive nucleus unless 
centrifugal forces are called upon to balance attractions, 
as they do in the case of the eartli and moon. Accord- 
ingly it seems to be necessary to assume that the negative 
electron is rotating in an orbit about the positive. But 
such a motion would normally be accompanied by a 
continuous radiation of energy of continuously increasing 
frequency as the electron, by virtue of its loss of energy, 
approached closer and closer to the nucleus. Yet 
experiment reveals no sucli behavior, for, so far as we 
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know, hydrogen does not radiate at all unless it is ionized, 
or has its negative electron knocked, or lifted, from its 
normal orbit to one of higher potential energy, and, when 
it does radiate, it gives rise, not to a continuous spectrum , 
as the foregoing picture would demand, Imt rather to a 
line spectrum in wliich the frequencies corresi)onding to 
the various lines are related to one another in the very 
significant way shown in the photograph of Fig. 24 and 
represented by tlie so-callcd Balmcr-Ritz equation,’ 
which has the form 


'-"fe-s) 

In this formula v represents frequency, N a constant, 
and «i, for all the lines in the visible region, has the 
value 2, while fh takes for the successive lines the valuc.s 
3, 4, 5, 6, etc. In the hydrogen series in the infra-rc<l 
discovered by Paschen’ », = 3 and takes the successive 
values 4, 5, 6, etc. It is since the development of the 
Bohr tlveory that Lyman* discovered his hydrogen 
series in the ultra-violet in which «,= i and «j = 2, 3, 4, 
etc. Since i is the smallest whole number, this series 
should correspond, as indicated heretofore, to the high- 
est frequencies of which hydrogen is capable, the upper 
limit toward wliich these frequencies tend being reached 
when «, = I and »»=<», that is, when v’=‘N. 

' Balmer (1885) expressed the formula in wave-lengths, UlU ( 
first replaced wave-lengths by wave-numbers, or frequencies, and thereby 
saw his “combination-principle,*' while Rydberg discovered the general 
significance of what Is now known as the Rydberg constant iV. 

»Paschcn, Ann, d, Pkys,^ XXVII (1908), 565, 

3 Spectroscopy oj the Extreme Ultraviolet^ p» 78. 
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Guided by all of these facts except the last, Niels 
Bohr, a young mathematical physicist of Copenhagen, 
in 1913 devised' an atomic model which has had some 
very remarkable successes. This model was originally 
designed to cover only the simplest possible case of one 
single electron revolv- 
ing around a positive 
nucleus. In ortler to 
account for the large 
number of lines which 
the spectrum of such 
a system reveals (sec 
Fig. 24), Bohr’s first 
assumption was that 
the electron may ro- 
tate about the nucleus 
in a whole series of 
different orbits, as 
shown in Fig. 26, and 
that each of these orbits is governed by the well-known 
Newtonian law, which when mathematically stated takes 
the formt 

(3S) 



Fig. 2fi. — ^Thc oi'lgliml Bolir model of 
Ihc liydrogcu atom. 


in which e is the change of the electron, E that of the 
nucleus, a the radius of the orbit, n tlie orbital frequency, 
and w the mass of the electron. This is merely the 
assumption that the electron rotates in a circular orbit 
which is governed by the laws which arc known, from 

>N. Bohr, Phil. Mag., XXVI (igtj), 1 mid 476 and 857; XXIX 
(igis), 332; XXX (i<)js)> 394! Sommorlcld, Atomic Structure and 
Spectral Lines. New York; Button, 1923. 
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the work on the scattering of the alpha particles, to 
hold inside as well as outside the atom. The radical 
element in it is that it permits the negative electron 
to maintain this orbit or to persist in this so-called 
^*sMionary slate^^ without radiating energy even though 
this appears to conflict with ordinary electromagnetic 
theory. But, on the other hand, the facts of magnetism^ 
and of optics, in addition to the auccesses of the Bohr 
theory which are to be detailed, appear at present to 
lend experimental justification to such an assumption. 

Bohr^s second assumption is that radiation takes 
place only when an electron jumps from one to another 
of these orbits. If A2 represents the energy of the 
electron in one orbit and Ai that in any other orbit, 
then it is clear from considerations of energy alone that 
when the electron passes from the one orbit to the other 
the amount of energy radiated must ht A^— A i] further, 
this radiated energy obviously must have some frequency 
p, and, in view of the experimental work presented in 
the next chapter, Bohr placed it proportional to and 
wrote; 

hp-A^-At (36) 

h being the so-called PI ancle constant to be discussed 
later. It is to be emphasized that this assumption gives 
no physical picture of the way in which the radiation 
takes place. It merely states the energy relations wliich 
must be satisfied when it occurs. The red hydrogen 
line Ha is, according to Bohr, due to a jump from orbit 3 
to orbit 2 (Fig. 26), the blue line H5 to a jump from 4 to 2, 

* Einstein and Dc Haas, Veriu der deiUsch, phys, Ges.^ XVII (1915), 
152; also Barnett, Phys, VI (1915), 239; also Epstein, Scioncef 
LVII (19^*3). 532 - 
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H, to a jump from s to 2, etc.; while the Lyman ultra- 
violet lines correspond to a series of similar jumps into 
the inmost orbit i (see Fig. 26). 

Bohr’s third assumption is that the various possible 
circular orbits are determined by assigning to each orbit 
a kinetic energy T such that 

T=\rhn (2^) 

in which r is a whole number, n the orbital frequency, 
and h is again Planck’s constant. This value of T is 
assigned so as to make the series of frequencies agree 
with that actually observed, namely, that represented 
by tlic Balmcr series of hydrogen. 

It is to be noticed that, if circular electronic orbits 
exist at all, no one of these assumptions is arbitrary. 
Each of them is merely the statement of the existing 
expenmenial situation. It is not surprising, therefore, 
that they predict the sequence of frequencies found in 
the hydrogen scries. They have been purposely made 
to do so. But they have not been made with any refer- 
ence whatever to the exact numerical values of these 
frequencies. 

The evidence for the soundness of the conception of 
aon-radiating electronic orbits is to be looked for, then, 
first, in the success of the constants involved, and, second, 
ill the physical significance, if any, which attaches to 
tlie third assumption. If these constants come out right 
witliin tlie limits of experimental error, then the theory 
of non-radiating electronic orbits has been given the 
most crucial imaginable of tests, especially if these con- 
stants are accurately determinable. 
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Wliat are the facts? The constant of the Balmer 
series in hydrogen, that is, the value of N in equation 
(34), is known with the great precision attained in all 
wave-length determinations and is equal to 3.28988X10^^. 
From the Bohr theory it is given by the simplest algebra 
(Appendix G) as 

(38) 

m 

As already indicated, in 1917 I redetermined' e with an 
estimated accuracy of one part in 1,000 and obtained for 
it the value, 4,770X10'“. As will b'* shown in the 
next chapter, I have also determined h photo-electrically’ 
with an error, in the case of sodium, of no more than 
one-half of i per cent, the value for sodium, upon 
which I got tlie most reliable data, being 6.56X10"’’. 
The value found by Duane’s X-ray metliod,® which is 
thought to yield a result correct to one part in 700, is 
exceedingly close to mine, namely, 6.555X10“’’. Sub- 
stituting tliis in (38), we get with the aid of Houston’s 

value of — (1.7570X10’), which is probably correct to 

"fit 

o.i per cent, N =3.285X10'®, tohich agrees mlhin a tenth 
of I per cent with the observed value. This agreement 
constitutes most extraordinary justification of the theory 
of non-radiating electronic orbits. It demonstrates that 
the behavior of the negative electron in the hydrogen 
atom is at least correctly described by the eqtialion of a 
circular non-radiating orbit. If this equation can be 

' R. A. Mfflikan, Phil. Mag., XXXIV (1917), i. 

*R, A. Millikan, Phys* VII (1916), 362. 

3 Blake and Duane, ihid, (1917), 624, 
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obtained from some other physical condition tlian that of 
an actual oibit^ it is obviously incumbent upon those who 
so hold to show what that condition is. The so-called 
wave mechanics, which is rather a modification than an 
abandonment of orbits, docs equally well. 

Again, the radii of the stable orbits for hydrogen are 
easily found from Bohr’s assumptions to take the 
mathematical form (Appendix G) 

_ 

^ 47r’/«e’ ( 39 ) 

In other words, since r is a whole number, the radii of 
these orbits bear the ratios i, 4, 9, 16, 25. If nonnal 
hydrogen is assumed to be that in which the electron is 
In tlie inmost possible orbit, namely, that for which 
ta, the diameter of the normal hydrogen a(om, 
comes out i.iXio**. The best determination for the 
diameter of the hydrogen molecule yields 2.2Xio~‘ 
in extraordinarily close agreement with the prediction 
from Bohr’s theory. 

Further, the fact that normal hydrogen does not 
absorb at all the Balmer scries lines which it emits is 
beautifully explained by the foregoing theory, since, 
according to it, nonnal hydrogen has no electrons 
in tlie orbits corresponding to tlie lines of the Balmer 
series. Again, the fact that hydrogen emils its character- 
istic radiations only when it is ionized or excited favors 
the theory that the process of emission is a process of 
settling down to a normal condition through a series of 
possible intermediate states, and is therefore in line 
with the view that a change in orbit is necessary to the 
act of radiation. 
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Another triumph of the theory is that the third 
assumption, devised to fit a purely empirical situation, 
viz,, the observed relations between the frequencies 
of the Balmer scries, is found to have a very simple 
and illuminating physical meaning and one which has to 
do with orbilal motion. It is that all the possible 
values of the angular momenkm of the electron rotating 
about the positive nucleus are exact multiples of a par- 
ticular value of this angular momentum. Angular 
momentum then has the property of alomicUy. Such 
relationships do not in general drop out of empirical 
formulae. When they do, we see in them at least general 
interpretations of the formulae — not merely coincidences. 

Again, the success of a theory is often tested as much 
by its adaptability to the explanation of deviations from 
the behavior predicted by its most elementary form as by 
the exactness of tlie fit between calculated and observed 
results. The theory of electronic orbits has had remark- 
able successes of this sort. Thus it predicts the Moseley 
law (33). But this law, discovered afterward, was found 
inexact, and it should be Inexact when tliere is more than 
one electron in the atom, as is the case save for H atoms 
and for such He atoms as have lost one negative charge, 
and that because of the way in which the electrons influ- 
ence one another’s fields. By taking account of these 
influences, the inexactnesses in Moseley’s law have been 
very satisfactorily explained. 

Another very beautiful quantitative argument for 
the correctness of Bohr’s orbital conception comes from 
the prediction of a slight difference between the positions 
in the spectrum of two sets of lines, one due to ionized 
helium and the other to hydrogen. These two sets of 
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lines, since they are both due to a single electron rotating 
about a simple nucleus, ought to be exactly coincident, 
i.e., they ought to be one and the same set of lines, ij it 
were not for the fad that the hclitm nudeus is four times as 
heavy as the hydrogen nucleus. 

To see the diflerence that this causes it is only neces- 
sary to reflect tliat, when an electron revolves about a 
hydrogen nucleus, the real thing that happens is that the 
two bodies revolve about their common center of gravity. 
But since the nucleus is two thousand times heavier 
than the electron, this center is exceedingly close to the 
hydrogen nucleus. 

Wlicn, now, the hydrogen nucleus is replaced by that 
of helium, wliich is four times as heavy, the common 
center of gravity is still closer to the nucleus, so that the 
helium-nucleus describes a much smaller circle than did 
that of hydrogen. This situation is responsible for a 
slight but accurately predictable difference in the ener- 
gies of the two orbits, which should cause the spectral 
lines produced by electron-jumps to these two different 
orbits to be slightly displaced from one anodicr. 

This predicted slight displacement between tire 
hydrogen and helium lines is not only found experimen- 
tally, but the most refined and exact of recent measure- 
ments has shown that the observed displacement agrees 
mth Ike predided value to within a small fraction of 
I per cent. 

This not only constitutes general evidence for the 
orbit theory, but it seems to be irreconcilable with a 
ring-electron theory once favored by some authors, since 
it seems to require that the mass of the electron be con- 
centrated at a point. 
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The next amazing success of the orbit theory caine 
when Sommerfekh showed that the "quantum” prin- 
ciple underlying the Bohr theory ought to demand two 
different hydrogen orbits corresponding to the second 
quantum state — second orbit from the nucleus — one a 
circle and one an ellipse. And by applying the general 
relativity theory (which involves the change in mass of 
the electron with its change in speed as it moves through 
the different portions of its orbit), he showed that the 
circular and elliptical orbits should have slightly differ- 
ent energies, and consequently that both the hydrogen 
and the helium lines corresponding to the second quan- 
tum state should be close doublets. 

Now not only is this found to he the fact, htU the meas- 
ured separation of these two doublet lines agrees closely with 
the predicted value, so that this again constitutes extraordi- 
naiy evidence for the validity of the orbit-conceptions 
underlying the computation. 

In Fig. 27 the two orbits which are here in question 
are those which are labeled 2, and 2,, the large numeral 
denoting the total quantum number, and the subscript 
the auxiliary, or azimuthal, quantum number which de- 
termines the ellipticity of the orbit. The figure is 
introduced to show the types of stationary orbits which 
the extended Bohr theory permits. For total quantum 
number i tliere was but one possible orbit, a circle. For 
. total quantum numbers 2, 3, 4, etc., there are 2, 3, 4, etc., 
possible orbits, respectively. The ratio of the auxiliary 
to the total quantum number gives the ratio of the minor 
and major axes of the ellipse. The fourth quantum 

^ A. Sommerfeld, Ann, d, Phys.j III (1916), i. Also Paschen, 
p, 901. 
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state, for example, has four orbits, 4,, 4^, 43, 4^, all of 
wliich have the same major axis, hut minor axes which 
increase in the ratios i, 2, 3, 4 up to equality, in the 
circle (4^), with the major axis. It is this multiplicity 
of orbits which predicts with beautiful accuracy the “fine- 
structure” of all of the lines due to atomic hydrogen and 
to helium. 



Fio. 27.— IJohr-Sommcricld iikhIcI ot tlio liydroRcn atom with 
stationary orbits corresponding to principal quantum numbers and 
nuxilUvry or nsimuthid ciiumtum mimbera. 


The next quantitative success of the Bohr theory 
came when Epstein,' of the California Institute, applied 
his unusual grasp of orbit theory to the exceedingly 
difficult problem of computing the perturbations in 
electron orbits, and hence the change in energy of each, 
due to exciting liydrogcn and helium atoms to radiate in 
an electrostatic field. He thus predicted the whole 
complex character of what we call the "Stark effect,” 
• P. Epstein, ibid., L (1916), 1)89. 
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showing just how many new lines were to be expected 
and where each one should fall, and then the spectroscope 
yielded^ in practically every detail, precisely the result which 
the Epstein theory demanded. 

Another quantitative success of the orbit theory is 
one wliich Mr, I. S. Bowen and the author," at the 
California Institute, have brought to light. Through 
creating what we call ^'hot sparks*' in extreme vacuum 
we have succeeded in stripping in succession, i, 2, 3, 4, 5, 
and 6 of the valence, or outer, electrons from the atoms 
studied, In going from lithium, through beryllium, 
boron and carbon to nitrogen, we have thus been able to 
work with stripped atoms of all these substances. 

Now these stripped atoms constitute structures which 
are all exactly alilce save that the fields in which the 
single electron is radiating as it returns toward the 
nucleus increase in tlie ratios i, 2, 3, 4, 5, as we go from 
stripped lithium to stripped nitrogen, We have applied 
the relaiivUy-douhlel formula^ which, as indicated above, 
Sommcrfeld had developed for the simple nucleus-cleclron 
system found in hydrogen and ionized helium, and have 
found that it not only predicts everyxvhere the observed 
doublet-separation of the doublet-lines produced by all these 
stripped atoms, but that it enables u^s to compute how many 
electrons are in the inmost, or K shell, screening the nucleus 
from the radiating electron. This number comes out just s, 
as we know from radioactive and other data that it should. 
However, it will be shown in chapter xii that these facts 
require notable modification of the orbit theory. 

Further, when we examine the spectra due to the 
stripped atoms of the group of elements from sodium 

’ See Phys, Rev., July, 1924, 
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to sulphur, one electron having been knocked off from 
sodium, two from magnesium, three from aluminum 
four from silicon, five from phosphorus, and six froni 
sulphur, we ought to find that the number of screening 
electrons in tlie two inmost shells combined is 2+8 = 10, 
and U does come onl 10, quite as predicted, and all this 
through the simple application of the relativity principle 
in quite the same way in which it is applied to the quanti- 
tative computation of the orbit of Mercury. 

The physicist has thus piled Ossa upon Pelion in his 
quantitative test of the correctness of the orbital equa- 
tions of Bohr. About the shapes of these orbits he has 
some little information (Fig. 27) but about their orienla- 
Hons he is as yet pretty largely in the dark. The dia- 
grams* on the accompanying pages. Figs. 28, 29, and 31, 
represent hypothetical conceptions, due to Bohr in 
192 2, of the electronic orbits in a group of atoms. Since, 
however, these orbits are some sort of space configura- 
tions, the accompanying plane diagrams are merely 
schematic. They may be studied in connection with 
Fig 27, Table XIV, and Bohr’s diagram’ of the periodic 
system of the elements shown in Fig. 30. These con- 
tain tlie most essential additions which Bohr made 
in 1922 and 1923 to the simple theory developed in 
1913. 

The most characteristic feature of these additions is 
the conception of the penetration, in the case of the less 
simple atoms, of electrons in highly elliptical orbits into 
the region inside the shells of lower quantum number. 

•Tlicsc appeared in nn article by Kramers in Naturmsseuschaflen, 
1923. 

• Bohr and Coster, ZeH. f. Physik, XII Um), 344. 
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NEON (10) SODIUM(ii) 

Fig. a8. — Hypothetical atomic structures of the year 1923, modified 
a few years later in the manner shown in Table XIV, then rendered leas 
definite by the development of wave-mechanics. 
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Tilts gives, so Bohr believes, these penetrating electron- 
orbits in some cases a smaller mean potential energy, 
and therefore a higher stability, than some of the orbits 
corresponding to the smaller quantum numbers. 

A glance at the group of elements beginning with 
argon, the last element in shell 3, in both Table XIV and 
Fig. 30, will make clear tlie meaning of this statement, 
'l.'he fourth column of Table XIV shows that we may 
assign to argon two very elliptical orbits of shape 3, 
and six of shape 3,. Glancing down the same column 
to copper, or lower, one sees that there are eighteen 
possible third-shell orbits, namely, two of shape 3,, six 
of shape 34, and ten of shape 33, i.e., there are in the third 
shell in argon ten unfilled orbits. But when a new 
electron is added, as we pass from argon to potassium, 
it goes, according to Bohr, into tlie 4, orbit, thus giving 
potassium univalent properties like lithium and sodium 
(see Fig. 28). Similarly, calcium is shown in Table XIV 
as talcing its two extra electrons into its 4, orbits. But 
as now tlie nuclear cliarge gets stronger and stronger with 
Increasing atomic number, the empty tliird-sliell orbits 
gain in stability over tlie fourth-shell ones, and a stage of 
reconstruction sets in with scandium (Fig. 30) and con- 
tinues down to copper, all tlie added electrons now going 
Inside to fill tlie ten empty orbits in the third shell, witli 
the result that tlie chemical properties, whidi depend on 
tlie outer or valence electrons, do not change much 
while this is going on. Witli copper (see Table XIV) 
the eighteen tliird-shell orbits are completely filled and 
one electron is in tlic 41 orbit (see also Fig. 29), and from 
there down to krypton tlie chemical properties progress 
normally mudi as they do from Mg to Ar. 
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ARGON tia) KRYPTON (36) 



COPPER (29) XENON (54) 


FtG. 29.— Plypothctical atomic structures of the year 1923, modified 
a few years later in the maimer shown in Table XIV, then rendered less 
definite by the development of wave-mechanics, 
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Precisely the same procedure is repeated in the fifth 
period of eighteen elements between kr3rpton and xenon, 
the rare-eartli group wWch intervenes between strontium 
(Sr) and silver (Ag) corresponding to the elements in 
which, with increasing atomic number, the added elec- 
trons are filling up the empty orbits in the fourth shell 
instead of going into what is now tlie outer or fiftlr shell 
(see Table XIV). 

Now in considering the sixth period of thirty-two 
elements from xenon (Xe) to niton (Nt), a glance at 
Table XIV shows that the fourth shell m xenon con- 
tained only eighteen electrons, whereas in niton there 
are thirty-two, i.e., there are fourteen unfilled orbits in 
xenon in the fourth shell; and a similar glance at the 
fifth shell shows 18—8 = 10 vacant orbits there. The 
first two elements in this group, viz., caesium (Cs) and 
barium (Ba), take the added electrons in 61 orbits, 
tlien the electrons begin to go inside until gold is reached, 
when the fourtlr and fifth shells become full and from 
gold (Au) to niton (Nt), as tire added electrons go to the 
outer shell, the chemical properties again progress as 
from sodium to argon, or from copper to krypton. 

It will be noticed that in Fig. 30 clement 72 is haf- 
nium, the clement discovered in 1923 by Coster and 
Hevesy' by means of X-ray analysis. It is because its 
chemical properties resemble so closely those of zirconium 
that it had not been found earlier by chemical means. 
Hevesy estimates that it represents one one humlred- 
thousandtli of tire earth’s crust, which makes it more 
plentiful than lead or tin. 

'Coster end Hevesy, Nature, III (1923)* VO! d. client. Ges., 
LVI (1923), 1503. 
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Fig* 30. — Bohr’s form of the periodic table, the most illiimmaling 
thus far devised. The dements which arc in process of orbital recon- 
struction, because of the passage of electrons into thus far unfiiled 
inner quantum orbits, are inclosed in frames, Lines connect elements 
which have similar properties, 
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TABLE XIV 


Numuer of Elicctwons in Dutkuent Ub Oueuts 
{uk IS now generally replacetl by ni where I ia dc fined as 
(A— i) (see chap, xiil) 
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The seventh period begins (Fig. 30) with an unknown 
element of atomic number 87, which, with its single 7, 
orbit, should have a valency of i, tlien passes to radium 
with its two 7i orbits (see Fig. 31) and valency 2, and 
breaks oS suddenly with uranium because the nucleus 
has here become unstable. 

It should be clearly understood that the detailed 
theory as here presented, and above all the models of 
complicated atoms, are to a very considerable degree 
hypotlietical and speculative. But it is highly probable 
that they give a more or less correct general picture of the 
way electrons behave in atoms. So far as the general 
conception of orbits which behave in the main, especially 
in the simpler atoms, in accordance with the Bohr 
assumptions, is concerned, if the test of truth in a physical 
theory is large success both in the prediction of new 
relationships and in correctly and exactly accounting for 
old ones, the theory of non-radiating orbits is one of the 
well-established truths of modern physics. However, 
all mechanical pictures like the foregoing, while useful 
as mnemonic devises, have definite limitations (see chap- 
ter xii) and must not be thought of as corresponding in 
any accurate way to reality. 

I am well aware that the facts of organic chemistry 
seem to demand that the valence electrons be grouped 
in certain definite equilibrium positions about the 
periphery of the atom, and that at first sight this demand 
appears difficult to reconcile with the theory of electronic 
orbits. But a little reflection shows that there is here no 
necessary clash. With a suitable orientation of orbits, 
these localized valencies of chemistry are about as easy 
to reconcile with an orbit theory as with a fixed electron 
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theory. It is only for free atoms that spectroscopic 
evidence has led us to built up orbit pictures of the 
foregoing sort. When atoms unite into molecules, or 
into solid bodies, these orbits will undoubtedly be very 
largely readjusted under tire mutual influence of the two 
or more nuclei which are now acting simultaneously 
upon them. 

It has been objected, too, that the Bohr theory is 
not a radiation theory because it gives us no picture 
of the mechanism of tire production of the frequency r. 
This is true, and therein lies its strength, just as the 
strength of the first and second laws of thermodynamics 
lies in the fact tliat they are true irrespective of a mechan- 
ism. The Bohr theory is a tlieory of atomic structure ; 
it is not a theory of radiation, for it merely states what 
energy relations must exist when radiation, whatever 
its mechanism, takes place. It is the first attempt to 
determine in the light of well-established experimental 
facts what the electrons inside the atom are doing, and 
as such a first attempt it must be regarded as, thus far, 
a success, though it has by no means got beyond tlic 
hypothetical stage. Its chief difficulty arises from the 
apparent contradiction involved in a non-radiating elec- 
tronic orbit, and there appears to be no solution to this 
difficulty save in the denial of the universal applicability of 
the classical electromagnetic laws. But why assume the 
universal applicability of these laws, even in the hearts of 
atoms, when this is the first opportunity which we have 
had to test them out in the region of the infinitely small ? 

There is one other very important relation predicted 
by the Bohr theory and beautifully verified by experi- 
ment, but not involving at all its orbital feature. The 
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frequency value of the inmost, or K level, can be exactly 
determined by measuring the K absorption edge so 
beautifully shown on the De Broglie photographs oppo- 
site p. 199. Let us call this frequency vr^. Similarly, 
to each orbit in tire second or L quantum state, there 
corresponds a definite absorption edge v ^ a - Two of these 
are shown clearly in Fig. 23. The difference between 
the K absorption frequency and each L absorption 
frequency should obviously, according to Bohr, corre- 
spond exactly to the frequency vk^ of an emission line 
in the IC X-ray spectrum, i.e., 

vka—vla^vko. (40) 

This so-called Kossel relation is of course applicable to 
all X-ray and optical spectra. Indeed, in the latter 
field it appeared before the Bohr theory under the name 
of the “Ritz combination principle.” It has been one 
of the most important keys to the unlocking of the mean- 
ing of spectra and the revealing of atomic structure. 
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THE NATURE OF RADIANT ENERGY 

The problems thus far discussed have all l^een in the 
domain of molecular physics, but the discovery and 
measurement of the electron have also exerted a powerful 
influence upon recent developments in the domain of 
ether physics, These developments are of extraordinary 
interest and suggestiveness, but they lead iixto regions m 
which the physicist sees as yet but dimly — perhaps more 
dimly than he thought he saw forty years ago. 

But while the beauty of a problem solved excites the 
admiration and yields a certain sort of satisfaction, it is 
after all the unsolved problem, the quest of the unknown, 
the struggle for the unattained, which is of most universal 
and most thrilling interest, I make no apologies, there- 
for, for introducing one of the incompletely solved prob- 
lems of modern physics, nor for leaving it with somewhat 
tentative suggestions toward a solution, 

1. THE CORPUSCULAR ANT) THE ETHER THEORIES OE 
RADIATION 

The newest of the problems of physics is at the same 
time the oldest. For nothing is earlier in the experiences 
either of the child or of the race than the sensation of 
receiving light and heat from the sun. But how does light 
get to us from the sun and the stars through the empty 
interstellar spaces? The Greeks answered tliis query 
very sunply and very satisfactorily from the standpoint 
of people who were content with plausible explanations 
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but had not yet learned perpetually to question nature 
experimentally as to the validity or invalidity of a 
conclusion. They said that the sun and all radiators 
of light and heat must shoot off minute corpuscles whose 
impact upon the eye or skin produces the sensations 
of light and warmth. 

This corpuscular theory was the generally accepted 
one up to i8oo a.d. It was challenged, it is true, about 
1680 by the Dutch physicist Huygens, who, starting with 
the observed phenomena of the transmission of water 
waves over the surface of a pond or of sound waves 
through the air, argued that light might he some vibra- 
tory disturbance transmitted by some medium which fills 
all interstellar space. He postulated the existence of 
such a medium, which was called the luminiferous or 
light-bearing ether. 

Partly no doubt because of Newton’s espousal of the 
corpuscular theory, the ether or wave theory gained few 
adherents until some facts of interference began to appear 
about 1800 which baffled explanation from the stand- 
point of the corpuscular theory, but which were easily 
handled by its rival. Durmg the nmeteenth century the 
evidence became stronger and stronger, until by its close 
the corpuscular theory had been completely eliminated 
for four different reasons: (i) The facts of mterference 
were not only found inexplicable in terms of it, but they 
were completely predicted by the wave theory. (2) The 
fact that the speed of propagation of light was experi- 
mentally found to be greater in air than in water was in 
accord with tlie demands of the ether theory, but directly 
contrary to the demands of tire corpuscular theory. 
(3) Wireless waves had appeared and had been shown 
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to be just lUce light waves save for wave-length, and they 
had been found to pass over continuously, with increas- 
ing wave-length, into static electrical fields such as could 
not apparently be explained from a corpuscular point of 
view. (4) The speed of light had been shown to be inde- 
pendent of the speed of the source as demanded by the 
ether theory and denied by the corpuscular theory. 

By 1 900, then, the ether theory had become apparently 
impregnably intrenched. A couple of years later it met 
with some opposition of a rather ill-considered sort, as 
It seems to me, from a group of extreme advocates of the 
relativity theory, but this theory is now commonly 
regarded, I think, as having no bearing whatever upon 
the question of the existence or non-existence of an 
ether as I use the term. For such an ether was called 
into being solely for the sake of furnishing a carrier for 
electro-magnetic waves, and so defined it stands or falls 
with the existence of such waves in vacuo, and this has 
never been questioned by anyone so far as I am aware. 

II. DIFFICULTIES COMTRONTING THE WAVE THEORY 

Up to 1903, then, the theory which looked upon an 
electromagnetic wave as a disturbance which originated 
at some point in the ether at which an electric charge was 
undergomg a change in speed, and was propagated from 
that pomt outward as a spherical wave or pulse, the total 
energy of the disturbance being always spread uniformly 
over tlie wave front, had met with no serious question 
from any source. Indeed, it had been extraordinarily 
successful, not only in accounting for all the known facts, 
but in more than one instance in predictmg new ones. 
The first difficulty appeared after the discovery of tlie 
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electron and in connection witli the relations of tlie elec- 
tron to the absorption or emission of such electro- 
magnetic waves. It was first pointed out in 1903 by 
Sir J. J. Thomson in his Silliman lectures at Yale. It 
may be stated thus: 

X-rays unquestionably pass over all but an exceed- 
ingly minute fraction, say one in a thousand billion, of 
the atoms contained in the space traversed without 
spending any energy upon them or influencing them in 
any observable way. But here and there they find an 
atom from which, as is shown in the photographs oppo- 
site p. 192, they hurl a negative electron with enormous 
speed. Tliis is the most interesting and most significant 
characteristic of X-rays, and one which distinguishes 
them from the a- and j 3 -rays just as sharply as does the 
property of non-deviability in a magnetic field; for Figs. 
14 and IS and the plate opposite p. 190 show tliat 
neither a- nor jS-rays in general eject electrons from the 
atoms through which they pass, with speeds comparable 
with those produced by X-iuys, else there would l)e new 
long zigzag lines branching out from points all along the 
paths of the a- and ^-particles shown in these photo- 
graphs. 

But this property of X-rays introduces a serious 
difficulty into a wave theory. For if the electric in- 
tensity in the wave front of the X-ray is sufficient thus 
to hurl a corpuscle with huge energy from one particular 
atom, why does it not at least detach corpuscles from 
all of the atoms over which it passes ? 

Again when ultra-violet light falls on a metal it, too, 
like X-rays, is found to eject negative electrons. This 
phenomenon of the emission of electrons under the 
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influence of light is called the photo-electric effect. 
Lenard‘ first made the astonishing discovery that the 
energy of ejection of the electron is altogether independ- 
ent of the intensity of the light which causes the ejection, 
no matter whetlier this intensity is varied by varying 
tire distance of the light or by introducing absorbing 
screens. I have myselfl subjected this relation to a very 
precise test and found it to hold accurately. Further- 
more, this sort of independence has also been established 
for the negative electrons emitted by both X- and y-rays. 

Facts of this sort are evidently cliflicult to account for 
on any sort of a spreading-wave theory. But it will be 
seen that they lend themselves to easy interpretation in 
terms of a corpuscular theory, for if the energy of an 
escaping electron comes from the absorption of a light- 
corpuscle, then the energy of emission of the ejected 
electron ought to be independent of the distance of the 
source, as it is found to be, and furthermore corpuscular 
rays would hit but a very minute fraction of the atoms 
contained in the space traversed by them. This would 
explain, then, both the independence of the energy of 
emission upon intensity and the smallness of the number 
of atoms ionized. 

In view, however, of the four sets of facts mentioned 
above, Thomson found it altogether impossible to go 
back to the old and exploded form of corpuscular theorj^ 
for an explanation of the new facts as to the emission of 
electrons under the influence of ether waves. He 
accordingly attempted to reconcile these troublesome 
new facts with the wave tlieory by assuming a fibrous 
structure in the ether and picturing all electromagnetic 

' Ann. d. PItys. (4), VIII (looa). r 40 . ' Phy^ Rev,, f (IQ13). 73. 
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energy as traveling along Faraday lines of force con- 
ceived of as actual strings extending through all space. 
Although this concept, which we shall call the etlier- 
string theory, is like the corpuscular theory in tliat the 
energy, after it leaves the emitting body, remains local- 
ized in space, and, when absorbed, is absorbed as a whole, 
yet it is after all essentially an ether theory. For in it 
the speed of propagation is determined by tire properties 
of the medium — or of space, if one prefers a mere clmnge 
in name — and has notliing to do witli the nature or 
condition of the source. Thus the last three of the fatal 
objections to a corpuscular theory are not here encoun- 
tered. As to the first one, no one has yet shown that 
Thomson’s suggestion is reconcilable with the facts of 
interference, though so far as I know neither has its 
irreconcilability been as yet absolutely demonstrated, 

But interference aside, all is not simple and easy for 
Thomson’s theory. For one encounters serious diffi- 
culties when he attempts to visualize the universe as an 
infinite cobweb whose threads never become tangled or 
broken however swiftly the electrical charges to wliich 
they are attached may be flying about. 

in. Einstein’s quantum theory ov radiation 

Yet the boldness and the difficulties of Thomson’s 
“ether-string” theory did not deter Einstein’ in 1905 
from making it even more radical. In order to connect 
it up with some results to whicli Planck of Berlin had 
been led in studying the facts of black-body radiation, 
Einstein assumed that the energy emitted by any radiator 
not only kept together in bunches or quanta as it traveled 
Ami. d. Phyt. (4), XVII (igoj), 132; XX (1906), 199. 
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through space, hs Thomson had assumed it to do, but 
that a given source could emit and absorb radiant energy 
only in units whicli are all exactly equal to hv, v being 
the natural frequency of the emitter and h a constant 
which is the same for all emitters. 

I shall not attempt to present the basis for such an 
assumption, for, as a matter of fact, it had almost none 
at tire tune. But whatever its basis, it enabled Einstein 
to predict at once that the energy ol emia&ion of elec- 
trons under the influence of light would be governed 
by the equation 

\mv^=‘ Ve^hv—p (41) 

in which hu is the energy absorbed by the electron from 
the light wave or light quantum, for, according to the 
assumption it was the whole energy contained in that 
quantum, p is the work necessary to get the electron 
out of the metal, and is the energy with which it 
leaves the surface — an energy evidently measured by the 
product of its cliarge e by the potential difference V 
against which it is Just able to drive itself before being 
brought to rest. 

At the time at which it was made this prediction was 
as bold as the hypothesis which suggested it, for at that 
time there were available no experiments whatever for 
determining anything about how the positive potential 
V necessary to apply to the illuminated electrode to stop 
the discharge of negative electrons from it under the 
influence of nionocliromatic light varied witli tlie fre- 
quency V of the light, or whether the quantity h to which 
Planck had already assigned a numerical value appeared 
at all in connection with photo-electric discharge, Wc 
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are confronted, however, by the astonishing situation 
that after ten years of work at the Rycrson Laboratory 
(1904-15) and elsewhere upon tlic discharge of electrons 
by light this equation of Einstein’s was found to predict 
accurately all of the facts which had been observed. 

IV. THE TESTING OE EINSTEIN’S EQUATION 

The method which was adopted in the Ryerson 
Laboratory for testing the coi'rectncss of Einstein’s 
equation involved the performance of so many opera- 
tions upon tlie highly inflammable alkali metals in a 
vessel which was freed from the presence of all gases tliat 
it is not inappropriate to describe tire experimental 
arrangement as a machine-shop in vacuo. Fig. 32 
shows a photograph of the a[)[)arutus, and l^ig. 33 is a 
drawing of a section which should make the necessary 
operations intelligible. 

One of the most vital assertions made in Einstein’s 
theory is that the kinetic energy with which mono- 
chromatic light ejects electrons from any metal is 
proportional to tlie frequency of the light, i.e., if violet 
light Is of half the wave-length of red light, then the 
violet light should throw out the electron with twice 
the energy imparted to it by the red light. In order to 
test whether any such linear relation exists between the 
energy of the escaping electron and the light which 
throws it out it was necessary to use as wide a range of 
frequencies as possible. This made it necessary to use 
tile alkali metals, sodium, potassium, and lithium, for 
electrons are thrown from the ordinary metals only by 
ultra-violet light, while the alkali metals respond in this 
way to any waves shorter than those of the red, that is, 
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they respond throughout practically the whole visible 
spectrum as well as the ultra-violet spectrum. Cast 
cylinders of these metals were therefore placed on the 
wheel W (Fig. 33 ) and fresh clean surfaces were obtained 
by cutting shavings from each metal in an excellent 
vacuum with the aid of the knife K, which was operated 
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by an electromagnet F outside the tube. After this tlic 
freshly cut surface was turned around by another electro- 
magnet until it was opposite the point 0 of Fig. and 
a beam of monochromatic light from a spectrometer was 
let ill tlirough 0 and allowed to fall on the new surface. 
The energy of the electrons ejected by it was measured 
by applying to the surface a positive potential just strong 
enough to prevent any of the discharged electrons from 
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reaching the gauze cylinder opposite (shown in dotted 
lines) and thus communicating an observable negative 


O 



charge to the quadrant electrometer which was attache<l 
to this gauze cylinder. For a complete test of the 
ccpiation it was necessary also to measure the contact- 
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electromotive force between the new surface and a test 
plate S, This was done by another electromagnetic 
device shown in Fig. 32, but for further details the original 
paper may be consulted.* Suffice it here to say that 
Einstein^s equation demands a linear relation between 
the applied positive volts and the frequency of the light, 
and it also demands that the slope of tliis line should be 

exactly equal Hence from tliis slope, since e is 

known, it should be possible to obtain k How per- 
fect a linear relation is found may be seen from Fig. 34, 
which also shows that from the slope of this line h is 
found to be 6,26Xlo-^^ which is as close to tlie value 
obtained by Planck from the radiation laws as is to bcj 
expected from the accuracy with wliich the experiments 
in radiation can be made. The most reliable value of li 
obtained from a consideration of the whole of this work is 

In the original paper will be found other tests of the 
Einstein equation, but tlie net result of all tliis work is to 
confirm in a very complete way tlie equation which 
Einstein first set up on the basis of his semi-corpuscular 
theory of radiant energy. And if tliis equation is of 
general validity it must certainly be regarded as one of 
the most fimdamental and tar-readiing of the equations 
of physics, and one which is destined to play in tlie future 
a scarcely less important r6le than MaxwelPs equations 
have played in the past, for it must govern the transfor- 
mation of all short-wave-length electromagnetic energy 
into heat energy, 

* Phys, Rev,j VII (1916), 36a, 
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V. HISTORY OF EINSTEIN’S EQUATION 

The whole of this chapter up to tliis point has been 
left practically as it was written for the first edition of 
The Elcclron (1917). Now the altogether overwhelming 
proof that Einstein’s equation is an exact equation of 
very general validity was perhaps the most conspicuous 
achievement of experimental physics during the next 
decade. Its history is briefly as follows. 

As early as 1900 Planck' had been led from theoretical 
considerations to the conclusion that atoms radiated 
energy discontinuously in units which were equal to, or 
multiples of, hv, in which v is the natural frequency of 
the radiator, and h a universal constant which is now 
called Planck’s h He adopted the view that the seat of 
the discontinuity was in Ihe radiator, not in. tlie radiation 
after it had left tlie radiator, and in tlie second edition of 
his book modified the formulation of his theory so as to 
make this appear without any ambiguity. 

It was in 1905, as stated above, tliat Einstein defi- 
nitely put the discontinuity into the radiation itself, 
assuming that light itself consisted of darts of localized 
energy, “light-quants,” of amount hv. He further 
assumed tliat one of these light-quants could transfer its 
energy undiminished to an electron, so that, in tlie photo- 
electric effect, the electron shot out from the metal witli 
the energy hv—p, where represents the work necessary 
to get it out of the metal. 

In 1913 Bohr, in the development of his tlieory of 
spectra, without accepting Einstein’s view as to the 
seat of the discontinuity, assumed an equation which was 


Warme Sirahlunf^. ist. ed. 
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precisely the inverse of Einstein’s, i.e., he assumed 
that the energy lost when an electron jumps from one 
stationary state to another is wholly transformed into 
monochromatic radiation whose frequency is determined 
by equating the loss in energy Ei—E, to hv. In other 
words, Einstein and Bohr together have set up a recipro- 
cal and reversible relation between electronic and radiant 
energy. 

Up to 1914 no direct experimental proof had appeared 
tor the correctness of this relation. In the photo-electric 
field discussion was active as to whether any definite 
maximum velocity of emission of electrons under the 
influence of monocliromatic light existed, and although 
linear relations between energy and frequency had been 
« reported by Ladenburg, Ricliardson and Compton, 
and Hughes, the range of frequencies available had been 
so small as to leave uncertainties in the minds of review- 
ers' who showed that r a fitted existing observations 
quite as well as j/aiJ (£ denoting stopping potential). 

The unambiguous experimental proofs of the correct- 
ness of the foregoing theoretical relation came with the 
publication of the accompanying photoelectric results" 
reported briefly in 1914, and submitted in exlenso in 
September, 1915. These were in a form to prove the 
correctness of tlie Einstein equation; for monochromatic 
light of widely differing frequencies fell upon a metal 
and the maximum energy of electronic ejection was found 
to be exactly determined by hv=\mv‘—p as Einstein’s 
equation required. 

‘ Cf. R. Pohl u, P. Prlngghelm, Verb, dtr deutsch, phys, Ges., XV 
(1913), 6371 Sommcrlcld, Alombau, etc. (3d cd. 192a), p. 471 also 
Phys, Ret),, VII (1916), 18, 362. 

^ Pirn. Ret),, TV (1914), 73. VI (1915), SS! and VTI (1916), 362. 
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A year or two later Duane^ and his associates had 
found unambiguous proof of the inverse effect. A target 
had been bombarded by electrons of known and constant 
energy and the maximum frequency of the 

emitted ether waves (general x radiation) was found to 
be precisely given by 

D. L. Webster then proved that the characteristic 
X-ray frequencies of atoms begin to be excited at exactly 
the potential at which the energy of the stream ol 
electrons which is bombarding the atoms has reached 
the value given by hv^\mv^ in which v is now the fre- 
quency of an absorption edge.* This checks Bohr’s 
formulation of frequency-energy relations, since it shows 
tliat when an electron within an atom receives just 
enough energy by bombardment to be entirely removed 
from the atom, the total energy values of the frequencies 
emitted during its return are equal to the electronic 
energy of the original bombardment. 

De Broglie,-^ Ellis/* and Watsoiv^ on the other hand, 
have measured with great accuracy, through deviabilities 
in a magnetic field, the velocities of electrons ejected 
from different sorts of atoms by monochromatic X-rays, 
and have completely confirmed by such photo-clcctric 
work in the X-ray field my previous results obtained 
with ultra-violet light. They here verify in great detail 
and with much elaboration the Einstein formulation 

^ Phys. VI (1915), 166; Proc, NaU II (1916), 90; Phya. 

VII (1916), 599; IX, 5C8; X (1917), 93 624. 

L Webster and H, Clark, Proc, Nai. Acad,^ III (1917), tS. 
Also Webster, VI (1920), 26 and 639, 

^ Paper read before the Third Solvay Congress, 1921. 

^Proc, Roy. Soc,^ XCIX (1921), 261. Sec January, 1924. 

5 Watson and Van den Akkcr, Pm. Roy. Soc, /!„ CXXVI (1929), 138, 
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}piiv*=hv—p where p now represents the work necessary 
to lift the electron out of any particular level in the 
atom. 

Parallel to this very complete establishment of the 
validity in the X-ray field of the Einstein photoelectric 
equation, and of its inverse the Bohr equation, has come 
the rapid working out in the domain of optics of the very 
large field of ionizing and radiating potentials which has 
also involved the utilization and verification of the same 
reciprocal relation. Tliis will be seen at once from the 
definition of the ionizing potential of an atom as the elec- 
tronic energy which must be thrown into it by bombard- 
ment to just remove from it one of its outer electrons, 
Through the return of such removed electrons there 
is in general a whole spectral series emitted. Similarly 
the radiating potential of an atom is defined as the 
bombarding energy which must be supplied to it to just 
lift one of its outer electrons from its normal orbit to the 
first virtual orbit outside that normal orbit. When this 
electron drops back there is in general tlie emission of a 
single-line spectrum. All this work took its origin in 
the fundamental experiments of Franck and Hertz* on 
mercury vapor in 1914. From 1916-22 the field was 
worked out in great detail, especially in America by 
Foote and Mohler, Wood, McLennan, Davis and 
Goucher, and otliers. 

Suffice it to say that whetlier the energy comes in 
the form of ether waves whicli through absorption in 
an atom lift an electron out of a normal orbit, so that the 
atom passes over to an excited or to an ionized state, 
or whether the energy enters in the form of a bombarding 

• Verh, der deulsch. phys, Ges., XV and XVI, 1914. 



248 


THE ELECTRON 


electron and reappears as a radiated frequency, tJw 
reciprocal relation represented in the Einslein-Bohr equa- 
tion Ei—Et^hv has been found fulfilled in the most com- 
plete manner. 

In view of all these methods and experiments the 
general validity of the Einstein equation, first proved 
photo-electricaily between 1912 and 1916, is now univers- 
ally conceded. The incident energy is called a '‘photon.” 

VI. OBJECTIONS TO AN ETHER-STRING THEORV 

In spite of the credentials which have just been pre- 
sented for Einstein’s equation, the essentially corpuscular 
theory out of which he got it has only recently met with 
general acceptance even by physicists of Bohr’s type; 
for there seemed at first to be no possibility of bringing it 
into harmony with a whole group of well-established facts 
of physics, and even now the difficulties are great. 

The recent practically complete bridging of the gap 
between X-rays and light,* as well as that between heat 
waves and wireless waves,^ with tire perfectly continuous 
passage of the latter over into static electrical fields, 
appears to demand that, if we attempt to interpret high- 
frequency electromagnetic waves — ^X-rays and light — in 
terms of undulatory “darts of light,” we also interpret 
wireless waves in the same way, and this in turn requires 
us to use a similar mechanism in the interpretation of 
static electrical fields. This brings us back to something 
like an ether-string theory, which seems to be a necessary 
part of Einstein’s conception, if it is to have any physi- 
cal basis whatever. 

* Millikan and Bowen, Phys. Rcv.^ January, 1924, 

’ Nichols and Tear, ibld.^ 1923. 
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Two very potent objections, however, may be urged 
against all forms of ether-string theory. The first is 
that no one has ever yet been able to show that such 
a theory can predict any one ol the facts of interference, 
The second is that there is direct positive evidence against 
the view that the ether possesses a fibrous structure. 
For if a static electrical field has a fibrous structure, as 
postulated by any form of ether-string theory, “each 
unit of positive electricity being the origin and each unit 
of negative electricity the termination of a Faraday 
tube,”’ then the force acting on one single electron 
between the plates of an air condenser cannot possibly 
vary conlinuoiisly with the potential difference between 
the plates. Now in the oil-drop experiments’ we actually 
study the behavior in such an electric field of one single, 
isolated electron and we find, over the widest limits, 
exact proportionality between the field strength and 
the force acting on the electron as measured by the 
velocity with which the oil drop to which it is attached 
is dragged through tlie air. 

When we maintain the field constant and vary the 
charge on the drop, the granular structure of electricity is 
proved by the discontinuous changes in the velocity, but 
when we maintain the charge constant and vary the field 
tlie lack of discontinuous change in tlie velocity disproves 
the contention of a fibrous structure in the field, unless 
the assumption be made that there are an enormous 
number of ether strings ending in one electron. Such an 
assumption takes most of the virtue out of an ether-string 
theory. 

‘ J. J. Thomson, Eiecln’city and Mailer, p. g. 

’ Phys, Rev., 11 (1913), 109. 
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Despite, then, the apparently complete success of the 
Einstein equation, the physical theory of which it was 
designed to be the symbolic expression is thus far so 
irreconcilable with a whole group of wclhcstablishcd 
facts that most modern physicists have abandoned the 
attempt to visualize it, and we are somewhat in the posi- 
tion of having built a very perfect structure and then 
knocked out entirely the underpinning without causing 
the building to fall It stands complete and apparently 
well tested, but without any visible means of support, 
These supports must obviously exist, and the most fasci- 
nating problem of modern physics is to find them. Ex- 
periment has outrun theory, or, better, guided by thus 
far non-visualizable theory, it has discovered relation- 
ships which seem to be of the greatest interest and im- 
portance, but the physical reasons for them are as yet 
not at all understood, 

vn, attempts toward a solution 

It is possible, however, to go a certain distance 
toward a solution and to indicate some conditions which 
must be satisfied by tlic solution when it is found. For 
the energy hv^ with wliich the electron is found by experi- 
ment to escape from the atom, must have come either 
from the energy stored up inside of the stom or else from 
the light. There is no tliird possibility. Now the fact 
that the energy of emission is the same, whether the body 
from which it is emitted is held witUn an inch of the 
source, where the light is very intense, or a mile away, 
where it is very weak, would seem to indicate tliat tlie 
light simply pulls a trigger in the atom which itself 
furnishes all the energy with which tlie electron escapes, 
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as was originally suggested by Lenard in 1902/ or else, if 
the light furnishes tire energy, that light itself must 
consist of bundles of energy which keep together as they 
travel through space, as suggested in the Thonison- 
Einstein theory. 

Yet the fact that tlie energy of emission is directly 
proportional to the frequency p of tire incident light 
spoils Lenard’s form of trigger theory, since, if the atom 
furnishes the energy, it ought to make no difference what 
Icind of a wave-length pulls the trigger, while it ought to 
make a difference what kind of a gun, tliat is, what kind 
of an atom, is shot off. But both of these expectations 
are the exact opposite of tire observed facts. The energy 
of the escaping electron mtist come, then, in some way or 
other, from the incident light, or from other light of its 
frequency, since it is characteristic of that frequency alone. 

When, however, we attempt to compute on the basis 
of a spreading-wave theory how much energy an electron 
can receive from a given source of light, we find it diffi- 
cult to find anything more than a very minute fraction 
of the amount wliich it actually acquires. 

Thus, the total luminous energy falling per second 
from a standard candle on a square centimeter at a dis- 
tance of 3 m. is I erg.* Hence the amount falling per 
second on a body of tire size of an atom, i.e., of cross- 
section 10-" cm., is 10-” ergs, but the energy hp witli 
wlrich an electron is ejected by light of wave-length 
500 /x/K (million tlis millimeter) is 4X10-” ergs, or four 
tliousand times as much. Since not a tliird of tire inci- 
dent energy is in wave-lengtlis sliortcr than soojxju, a 

• Amt, d. Phys. (4), VIII (1902), 149. 

> Drude, Lehrbuch der Optik (1906), p. 472. 
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surface of sodium or lithium wliich is sensitive up to 
500 (xfi should require, even if all this energy were in one 
wave-length, which it is not, at least 12,000 seconds 
or 4 hours of illiunination by a candle 3 m. away before 
any of its atoms could have received, all told, enough 
energy to discharge an electron. Yet the electron is 
observed to shoot out the instant the light is turned on. 
It is true that Lord Rayleigh has shown' that an atom 
may conceivably absorb wave-energy from a region of 
the order of magnitude of the square of a wave-length 
of the incident light rather than of the order of its own 
cross-section. This in no way weakens, however, the 
cogency of the type of argument just presented, for it is 
only necessary to apply the same sort of analysis to tlie 
case of Y-rays, the wave-length of which is sometimes as 
low as a hundredth of an atomic diameter (10-* cm.), and 
the difficulty is found still more pronounced. Thus 
Rutherford’ estimates that the total y-ray energy radi- 
ated per second by one gram of radium cannot possibly 
be more tlian 4.7 X lo-' ergs. Hence at a distance of 100 
meters, where the y-rays from a gram of radium would 
be easily detectable, tlie total y-ray energy falling per 
second on a square millimeter of surface, the area of 
which is ten-tliousand billion times greater than that 
of an atom, would be 4.7Xio''-f-47rXio'® = 4Xio-T ergs. 
This is very close to tire energy with which ( 3 -rays arc 
actually observed to be ejected by these y-rays, the 
velocity of ejection being about nine-tenths that of light. 
Although, tlicn, it sliould take ten thousand billion 
seconds for the atom to gather in tlris much energy from 

» Phil. Mag., XXXn (1916), 188. 

^ Radioactive Substances and Their RadialionSy p. 28S. 
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the 7-rays, on the basis of classical theory, the / 3 -ray 
is observed to be ejected witli this energy as soon as tire 
radium is put in place. This shows that if we are going 
to abandon the Thomson-Einstein h3T)othesis of local- 
ized energy, which is of course competent to satisfy 
these energy relations, there is no alternative but to 
assume that at some previous time the electron had 
absorbed and stored up from light of this wave-length 
enough energy so that it needed but a minute addition 
at tire time of die experiment to be able to be ejected 
from the atom witli the energy hv. What sort of an 
absorbing and energy-storing mechanism an atom might 
have which would give it the weird property of storing 
up energy to the value hv, where v is the frequency of 
tlie incidenl light, and then shoothig it all out at once, 
is terribly difllcult to conceive. Or, if tlie absorption is 
thought of as due to resonance it is equally difficult to 
see how there can be, in the atoms of a solid body, 
electrons having all kinds of natural frequencies so that 
some are always found to absorb and ultimately be 
ejected by impressed light of any particular frequency. 

However, then, we may interpret the phenomenon of 
tlie emission of electrons under the influence of ether 
waves, whether upon the basis of the Thomson-Einstein 
assumption of bundles of localized energy traveling 
through the ether, or upon the basis of a peculiar prop- 
erty of the inside of an atom which enables it to absorb 
continuously incident energy and emit only explo- 
sively, the observed characteristics of the effect seem to 
furnish proof that the emission of energy by an atom is a 
discontinuous or explosive process. This was tlie funda- 
mental assumption of Planck’s so-called quantum theory 
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of radiation. The Thomson-Einstein theory makes both 
the absorption and tlie emission sudden or discontinuous, 
while the loading theory first suggested by Planck makes 
the absorption continuous and only the emission explo- 
sive. 

The new facts in the field of radiation wliich have been 
discovered through the study of the properties of the 
electron seem, then, to require in any case a very funda- 
mental revision or extension of classical theories of 
absorption and emission of radiant energy. The 
Thomson-Einstein theory tlirows the whole burden 
of accounting for the new facts upon the unlcnowu 
nature of the ether, or, if one dislikes the word, “of the 
field,” and makes radical assumptions about its structure. 
The loading theory leaves the ether alone and puts the 
burden of an explanation upon the unknown conditions 
and laws which exist inside the atom. 

In the first edition of The IMedron, of date 1917, I 
expressed the view that the cliances were in favor of the 
ultimate triumph of the second alternative. In 1921, 
however, I presented at the Tliird Solvay Congress some 
new photo-electric experiments* wloich seemed at the time 
to point strongly the other way. 

These experiments consisted in showing with greater 
certainty than had been possible in earlier years’ that tlie 
stopping potentials of different metals A, B, C, when 
brouglit in succession before the same Faraday cylinder 
F (see Fig. 35) and illuminated witli a given frequency, 
were strictly identical. The significance of these results 

■ Millikan, Fhys. Rev., XVIII (1921), 236. 

’Page, Apter, Jour. Sci,, XXXVI (1913), Hennings and 
Kadesch, Phys. Rev., VHI (1916), 217. 
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for tlie theory of quanta lay in the fact that I deduced 
from tliem die conclusion that in the photo-electric 
effect, contrary to preceding views including iny own, 
the energy ‘'hv” is transferred wilhout loss from the ether- 
waves to the free, i.e., the conduction electrons of the metal, 
and not merely to those houiul in atoms. This seemed to 
take the absorbing mechanism out of the atom entirely, 
.and to make the property of imparting the energy hv to 
an electron, whether free or bound, an intrinsic property 
of light itself. 



Fio. 35. — Sliowing liow photo-ulccti-ic stopping potentials ot different 
metals nro compared by rotating B and C in vaaio into tlie jmsition of /I . 

But a beautiful discovery by Klein and Rosseland' a 
little later, in Bohr’s Institute, made tliis conclusion 
unnecessary. For it showed tlmt there was an inter- 
mediate process, namely, a so-called collision of the second 
kind, by means of wliich tlie energy hv might be trans- 
ferred without loss, indirectly from the light-wave to the 
conduction electron, thus obviating die necessity of a 
direct transfer. In other words, the Klein and Rosscland 
discovery proved that the energy hv could be transferred 
from die light-wave to the conduction electron by being 

• Zdlschrijl far Physik, 4 (ifjsi), 46. 
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absorbed first by an atom, which would thus be changed 
from the normal to tlie excited state, i.e., the state in 
wliich one of its electrons has been lifted from a normal 
to an outer orbit. This excited atom could then return 
to its normal state wilhoui radiation by a collision “of 
the second kind,” which consists in transferring its whole 
absorbed energy hv to a free or conduction electron. 
The reality of this phenomenon has been experimentally 
checked by Franck and Cario.‘ This important dis- 
covery then left the evidence for localized light-quanta 
precisely where it was before.^ 

In the years 1923-25, however, the American physi- 
cist, Dr. A. H. Compton, of the University of Chicago, 
discovered another new phenomenon which constitutes 
quite as good evidence as the photoelectric effect in 
favor of Einstein’s hypothesis of localized light-quanta. 

Compton’s procedure is as follows. Assuming, for 
the sake of obtaining quantitative relations, tlie cor- 
rectness of Einstein’s hypothesis, he argues that when 
such a “light-quant” collides with a free electron tlie 
impact should be governed by the laws wliich hold for 
the collision between any material bodies. These are 
two in number, namely: (i) tlie principle of the conserva- 
tion of energy; (2) the principle of the conservation of 
momentum (Newton’s Third Law). 

Now the energy of a light-quant, as heretofore shown, 
is hv. It moves with the speed of light, c, and if its 
momentum is taken as wc, it follows at once from the 
Einstein relativity relation between energy and mass, 

» Zeitschrift Ulr Physik^ xo (1922), 185. 

*This was first called to my attention by Dr, Epstein, of the Cali- 
fornia Institute. 
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namely , energy/ d'—nif tliat its momentum is — . This is 

seen by substituting in the foregoing Einstein relation hv 
for energy. Or, if preferred, the same expression for 
momentum may be deduced easily from the established 
laws of light-pressure. 

The qualitative results of the preceding assump- 
tions are immediately seen to be as follows. The light- 
quant, by colliding with the free electron necessarily 
transfers some of its energy to it, and therefore, if it ar- 
rives witli the energy Av*, it must recoil from the impact 
at some angle 0 with a smaller energy hvo, and therefore 
a lower frequency vo, tlian that with which it im- 
pinged. In other words, light waves should be changed 
from a higher frequency to a lower— from blue toward 
red — by impact with a free electron. 

A second qualitative result is that, since the mass of 
tlie Hght-quont, as defined above, is even for tlie hardest 
X-rays (X*=o.i Angstrom), of the order of a tenth of the 
mass of the electron, it is impossible from the laws of 
elastic impact that it transfer more than a small part of 
its energy to it. In other words, if Compton’s assumptions 
are correct, the photo-electric effect, in xohich there certainly 
is such a complete transfer, cannot possibly represent the 
interaction between a light-wave and a free electron. When 
the electron is botmd in the atom there is no difficulty of 
this sort, for the huge mass of the atom then permits tlie 
momentum equation to be satisfied without forbidding 
the practically complete transfer of the energy to one of 
its electrons. From this point of view, then, the photo^ 
electric effect represents tlie interaction between ether- 
waves and bound electrons — the Compton effect the 
interaction between ether-waves and free electrons. 
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The quantitative results which can be deduced from 
Compton^s assumptions are definite and simple. Com- 
bining the energy and momentum equations in the man- 
ner shown in Appendix H he obtains easily the result 

AX- .0484 sin^ 

in which AX represents the increase in wave-length due 
to the scattering'^ of the incident beam by free electrons, 
and 0 is the angle between the original direction of the 
beam and the direction at whicli the scattered waves 
come to tlie measuring apparatus, 

Compton then tested this relation experimentally,^ 
using as his incident waves the characteristic X-rays 
from a molybdenum target, and as his scattering sub- 
stance the free (or substantially free) electrons found in 
graphite. He found indeed that the a4ine of molybdenum 
was shifted toward longer wave-lengths just as predictedy 
and in approximately the correct amount There was also 
an unshifted line presumably due to scattering by bound 
electrons, 

Compton had used an ionization-chamber spec- 
trometer for locating Ids lines. Ross* repeated tliese 
experiments at Stanford University, California, using 
the more accurate photographic plate for locating liis 
lines, but still using grapliite as tlie scattering substance. 
His published photograph shows a line shifted the 
correct amount and also an unshifted one, but he com- 
mented on tlie fact that the shifted line shows no sign 
of a separation of the at and components while they 
are clearly separate in the direct picture. 

* A. H, Compton, XXI (1923), 483, 715; XXII (19 23), 409, 
® P, A, Ross, Proc» Nat, Acad,^ VU (1923), 246, 







^ Red. Sclent. hisL, 1 (1930), 8S-105. 

=■ Phys Rea., XXX\TI {X931), 136-59- * {1929). 643-5S. 

2 Ib - d ., XXX\TII (1931). 1094-1 loS. * -8«’- V (1933), 1 - 33 - 
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vni. dumond’s discovery 
The reason these components are not separated 
in any experiments like those of Ross was brought to 
light in very beautiful work at the California Institute 
of Technology by Dr. Jesse DuMond in 1931. DuMond 
designed and built a multicrystal- X-ray spectrograph 
with the aid of which he and Harry A. Kirkpatrick were 
able for the first time to analyze the structure of the 
Compton shifted line. They found it not a line at all 
(see Fig. 36) but rather a broad band the width of which 
DuMond most skilfully and convincingly interpreted 
as due to the actual distribution of velocities among the 
electrons, within the metals, which suffered Compton- 
encounters with the incident X-ray photons. He showed 
that the displacement of each element of this band from 
the central image represented the superposition of the 
simple Compton effect arising from the impact of a 
photon with a stationary electron and the Doppler effect 
arising from the relative velocities of the incident photon 
and the moving electron actually encountered. This 
DuMond effect thus gives us a means of determining not 
only the distribution of velocities among the free electrons 
of a metal but also the orbital velocities of the bound elec- 
trons. It presents direct evidence of the existence of both 
of these velocities, or momenta, since it is the electronic 
momentum that actually appears in DuMond’s equa- 
tions. It will of course be seen that these interpre- 
tations are all made in terms of the photon, or light-dart, 
theory of radiation, and thus lend the strongest of 
support both to it and to the conceptions of Bohr as to 
the dynamic as opposed to static nature of the atom, 
since these arc also implied in the interpretations. 



CHAPTER XI 
WAVES AND PARTICLES 

The foregoing history and discussion show how in- 
evitably the physicist has been forced whenever he is deal- 
ing with the interaction between so-called electromag- 
netic waves and individual electrons to use and to believe 
in the Einstein hypothesis of localized light quanta, or 
light-darts, more generally temed ^‘photons,” 

But what^ then, has become of the wave theory which 
seemed to be established ^‘beyond the shadow of a doubt^’ 
by all the vast amount of work that has been done during 
the past hundred years in the field of inlerjerence? 
Whether we are dealing with long wireless waves or with 
short ones, with heat waves, with light waves, with X- 
rays, or with gamma rays from radium, the classical 
electromagnetic wave theory always predicts correctly 
the observed interference pattern, How can we reconcile 
these old facts with the more recently discovered facts de- 
tailed above which seem to demonstrate so conclusively 
that radiant energy travels in the form of localized 
bunches of energy or photons, each of energy hv} 

This was the problem upon which Louis cle Broglie 
was working when he published a paper in 1925 in which 
he tried to bring about some reconciliation between wave 
ideas and particle ideas/ To do this he at first said 
something like this, let us conceive the electronic orbits of 
Bohr as due to the travel of waves of some kind about the 

* L. de Urofilie, Ann, de Physique^ X, 1925. 

2^)0 
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nucleus, each of the Bohr noivradiating orbits being of 
such radius that its circmiifcrence contains a whole num- 
ber of wave-lengths of these hypothetical waves, and 
thus constitutes a system of ‘‘standing electronic waves/’ 
This hypothesis required, in accordance with the Bohr 
equation, that the wave-lengths of these assumed electron 
h 

waves be given by — in which m is the mass of the 
inv 

electron and u is the velocity with which it is moving. 
These wave ideas of de Broglie were taken up and modi - 
fied by Schrbdinger, Dirac, and others, and developed 
into what is now known as the theory of * Vave mechan- 
ics,^^ but with all these changes in mode of approach the 

wave-length is always given by X = — ♦ 

^}VD 

Then the cxperinicntalist came upon the scene, and 
the wave mechanics iDegan to be more than merely a 
theory. One of its earliest successes in predicting results 
that had seemed quite inexplicable from the standpoint of 
preceding modes of thought came through its application 
by Oppenhelmer at the Norman Bridge Laboratory to the 
interpretation of the laws of “field currents,” or cold 
emission which had been worked out experimentally by 
Eyring, Lauritsen, and the author.' We had first found 
that steady streams of negative electrons could be pulled 
out of cold metal surfaces by the use of sufficiently power- 
ful electrical fields, a result which we felt no difficulty in 
interpreting from the standpoint of the usual electron 
theory of metals. But when we found that the law gov- 
erning the relation of this current, i, to the applied field, 

' Millikan and KyriiiR, Phys. Rev., XXVII (1926), si. and Lauritsen. 
Proc. Na(. Acad, Sci., XIII (1928). 45-49. 
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Fy was of the precise foim , a fonn analogous to 

that governing thermionic emission save that the field F 
here plays the same r 61 e that the temperature T plays in 
thermionic effects, we were completely unable to give the 
law any theoretical significance until Oppenheimer* de- 
duced it from the fundamental postulate of the wave 
mechanics, viz., that there is a certain prohahUiiy at all 
temperatures that an electron will pass throughy rather 
than ovevy a ^'potential barrier like that existing at the sur- 
face of a metal/^ 

But even before this there liad begun to appear much 
more spectacular successes of the new “wave equations/^ 
for a bit earlier in 1927 Davisson and Germer in the Bell 
Laboratories in New York had found in very fact that 
when they directed a stream of electrons against the sur- 
face of a metallic crystal the reflected electrons dis- 
tributed themselves according to a diffraction pattern 
precisely like that obtained when X-rays of wave-length 
h 

— are reflected from the same crystalline surface.® 

Then, a little later in 1927, G. P. Thomson, ^ and 
after him many others, shot streams of electrons through 
thin crystal gratings and obtained in every case diffrac- 
tion patterns precisely like those obtained by passing 

h 

ether waves of wave-length through these same 

' Oppenheimer, Phys, XXXI (1928), 914. This is the first 
date of publication but it was In the fall of 1927 that these laws, experi- 
mental and theoretical, were being worked out at the Norman Bridge 
Laboratory. 

» Davisson and Germer, Phys, Rev,y XXX (1927), 707, 

3 G, P. Thomson and A, Reif, NaiurCy CXTX (1927), 890. 
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gratings. The complete parallelism between the diffrac- 
tion patterns obtained by passing ether waves through 
crystal gratings and streams of electrons through such 
gratings is beautifully illustrated in the reproductions 
shown on Figures 37, 38, 39, 40, 41, and 42. 




Fro. jR 


Fir., 37.-“l)i(Tmction pattern produced by passing a narrow beam of 
X-rays (ether waves) through a thin crystal of ziwc blend parallel to the 
trigonal axis, (Fricdorich and Knipping.) 

FiCx. 38 . — The quite similar dilTraction pattern obtained by passing 
a narrow hcani of electrons (particles) through a thin film of crystallized 
aluminum. (G. V, Thomson.) 


Finally, Otto Stern of Hamburg and his collaborators 
performed similar experiments with streams of atoms of 
known velocities v and. found in every case tried diffrac- 
tion patterns which could be computed from the equation 

X = --- where m is now the mass of the alotn in question. 
mv ^ 

In a word, then, experiments of this .sort have shown 

with entire conclusivencss that streams of particles, when 
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either passed through, or reflected from, crystal gratings, 
produce all the interference patterns which the 19th cen- 
tury had associated with and explained by the ether-wave 
theory. Inversely, as shown above in the photoelectric 
<and Compton effects, we have found ether waves acting 
like localized bunches of energy which in their interplay 
with electrons follow consistently the laws of particle en- 



Fig. 30 4® 


Flo, 39. — DiiTraction pattern produced by passing a narrow benin of 
X-rays (ether waves) through i:inc blend parallel to a ciilnc axis. (Fricdcr- 
ich and Knipping.) 

Fig. 40, — A quite similar diffraction pattern obtained by passing a 
beam of electrons (particles) through a thin mica crystal. (S. Kikuchi.) 

counters. In other words, particles actually are found ex- 
perimentally to act like waves and waves to act like particles. 
All these reciprocal wave-particle effects have been fitted 
into the equations of the so-called wave mechanics, that 
new field of theoretical physics which has been developed 
from the primitive beginnings made by de Bi'oglie 
through the labors of Schrodinger and Heisenberg and 
Dirac and Oppenheimer and many others. 
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Whether the wave x^roperties or the particle properties 
of light quants, electrons, atoms, and molecules are the 
more fundamental may not yet be altogether certain, but 
we are at least beginning to be able to formulate some of 
the rules which Nature follows whenever and wherever we 





1*10,41 Fra. 43 


Fio, 41 .--'A typical X-my (or ether wave) cUlTmction pattern produced 
by a powder or tbin film in which the elementary minute crystals have 
been forced by the grinding and sifting, or else by the beating or rolling, 
to take a random distribution, 

Fig. 4 2. —The corresponding diffraction pattern obtained when a 
beam of electrons (particles) passes through a thin gold foil in which the 
rolling or beating has given the elementary crystals again a random 
distribution, 

find her playing this wave-partidc game. These rules 
may be stated as follows: 

Wlicnever, to take the simplest possible illustration, a 
single helium atom (alpha particle), a single electron, or 
a single light-dart shoots through a minute hole in a 
screen and impinges on another screen set up at some dis- 
tance behind the first one, this second screen experiences 
of one parlicnlar point a bullct-like blow. About this there 
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can be no doubt, for if the screen is made of a suitable 
fluorescent material an eye observing it actually sees a 
flash or scintillation where the bullet struck. In such in- 
dividual elementary processes nature appears to exhibit 
only particle, or corpuscle, properties. 

But when from a given very small source, commonly 
called a point source, a large succession of atoms, or elec- 
trons, or light-darts shoot through the aforesaid hole, no 
matter how large is the mean time interval between the 
successive shots, these are actually found to distribute 
themselves on the screen in the series of concentric circles 
which is the characteristic diffraction pattern for the case 

h 

in which light of wave-length X = — from a point source 


passes through a small hole and falls upon a screen set up 
parallel to the screen containing the hole, In the case of 
a light quant the m of the foregoing equation is given by 


the Einstein equation E—mc^ or hp — mc^y i.e.. 



In the case of an electron or an atom m is the mass of that 
electron or atom in grams. Just why the light quants, 
passing through holes, or slits, or lenses, or gratings of any 
kind, distribute themselves so as to produce in all cases 
precisely the patterns computed by the classical wave 
theory seems to transcend at present physical explana- 
tion. It is sometimes said that the light quants are ' 'di- 
rected by'^ the "Poynting vector” or by the "field equa- 
tions” or that the electrons or atoms "are guided by a 
train of waves,” But this is merely to state in other 
words the aforementioned fact. 


The new experimental discovery, made since the ad- 
vent of the wave mechanics and stimulated by it, is that 
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other kinds of particles besides photons, namely, elec- 
trons and atoms, also behave in the same way. We can 
now compute for these latter particles the wave-lengths 
corresponding to given masses and given velocities, and 
then actually get photographically and quantitatively, 
too, the predicted wave patterns. To state the newly 
discovered situation as generally and as briefly as possi- 
ble, whenever we are dealing with a single elementary 
process, i.e., an individual “microscopic event,” we find 
that we must use the particle conception in order to de- 
scribe our experimental findings, but whenever we are 
dealing with a huge ensemble of elementary processes, 
i.e., a statistical array of microscopic events, we must use 
the wave conception in order to predict the experimental 
situation. From the standpoint of the thinking of the 
nineteenth century these two facts arc contradictory. 

Why have these contradictions arisen? Can we see 
even dimly a physical significance behind them? For, to 
the experimental physicist, at least, this world is at bot- 
tom more than a world of equations or oven of ideas. 
Some external physical things are happening and we can- 
not rest indefinitely content with two types of physical 
interpretation of the same phenomena that seem to be 
mutually exclusive. The ultimate elementary processes 
which constitute light cannot be both waves and corpus- 
cles. Which arc they I’eally? And what kind of legerde- 
main has nature played upon us to make them seem other- 
wise? How “did the rabliit actually get into the hat?” 
The only way I can see out of the contradiction is to as- 
sume that all microscopic or elementary processes, 
whether they arc processes of matter physics or of ether 
physics, are at bottom discrete-particle processes, the four 
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types of units involved being (i) elementary units of elec- 
trical charge, (2) elementary units of mass, (3) elementary 
units of radiant energy, and (4) elementary units of mo- 
ment of momentum or ^^action” (called Planck^s h units). 
Only when large numbers of these units arc involved do 
we get over into the field of coniinnous processes of which 
waves constitute one of the best of examples. In other 
words, according to this view, all apparently continuous 
phenomena represent slaiisUcal or mean behaviors of ele- 
mentary particles, in precisely the same way as the tem- 
perature of a mass is the mean kinetic energy of its parti- 
cles, a fact which obviously does not imply that every 
individual molecule has that energy. 

In the words of M. de Broglie, “the fundamental j.)OS- 
tulate of the wave mechanics is that with every indejKmcI- 
ent particle, whether of matter or of radiation, there is 
associated the propagation of a wave, the iniensUy of this 
wave representing at each point and at each instant the 
prohabilUy that the associated particle will reveal itself 
at this point at this instant.^’ The “wave^^ licre spoken of 
as associated with the movement of the particle is then 
only an ^^artifice of calculation.^* It is a probability wave 
which describes accurately how the parUcles do actually 
distribute themselves, but it contains no infomiation what- 
ever as to why they do it. Yet this question of '*why*' 
will not down. Physicists are just now trying to find the 
reason for this behavior in the Heisenberg uncertainty 
principle, i.e,, an uncertainty, or better an incorrectness 
in the assumption of an absolute length and an absolute 
time. The probability function which comes out of Heisen- 
berg’s equation has already succeeded in some cases in 
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predicting the wave equation which yields the observed 
interference pattern. 

At any rate, this recent particle-wave history that I 
have tried to recount shows at least that we are moving 
on and on continuously in our knowledge of the aclual be- 
havior of the physical world. We first discover the laws 
that govern the interaction of large bodies, Newton’s 
laws, and these arc just as valid now for large bodies as 
they ever were ; then we discover the laws that hold in all 
the large-scale phenomena of ether physics, and they too 
are just as valid now as ever for these large-scale phenome- 
na, Then we discover methods of pushing our researches 
farther into the field of individual, elementary processes 
and a whole group of new laws appears, not irreconcilable 
with the first but containing the first as limiting cases as 
the number of units involved becomes large. In other words, 
when wc arc buying sand by the ton we do not even need 
to know that it contains grains. And so long as we are 
merely building houses wc get along satisfactorily without 
the knowledge of the granular structure. But fortunate- 
ly the mind of man is not content with merely building 
houses. It seeks to ''know so that life may be enriched.” 


CHAPTER XII 
THE SPINNING ELECTRON 

There is perhaps no chapter in the history of the de- 
velopment of modern electronic physics which better illus- 
trates the usual steps in the process of discovery tluiir does 
the chapter in which is told the story of the introduction 
of the idea of the spinning electron. This process here 
goes through the following sequence: (i) prediction on 
the basis of established findings and existing theory of re- 
sults to be expected; (2) the search of the experimentalist 
to verify these predictions; (3) his discovery through this 
search of elements of inadequacy in the conception from 
which he started out; and (4) the subsequent extension of 
the theory so as to make it cover the new findings. 

Up to the present the electron has been thought of as 
essentially a point charge. It is true that in the develop- 
ment of the idea of the electromagnetic origin of mass we 
were led to assign a radius to the sphere over which the 
electronic charge might be assumed to be uniformly dis- 
tributed in order to obtain from our theory the rest-mass 
that the free electron is by experiment found to possess, 
but we were careful to call this the radius of “the equiva- 
lent spherical charge," since we had no real warrant for 
assuming that the electron itself is a charge distributed 
over such a sphere. Up to the present we have dealt with 
no properties of the electron which required of it any- 
thing more than (i) to attract or repel other charges from 
a location which might be looked upon as a point in space, 
and (2) to describe, in the case of the Bohr atom, an orbit 
about another essentially point-charge on the atomic nu- 
cleus. This was perhaps too simple a conception to be 

1370 
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expected to last, for nature in the history of her encount- 
ers with the scientist has always shown herself to be a con- 
summate poker player, often holding cards up her sleeve 
when he thought her hand was on the table. But at any 
rate the story of how her hand was forced in this case is 
somewhat as follows; 

I. RELATIVISTIC INTERPRETATION OR 
PINE STRUCTURE 

It will be recalled that Bohr’s simple theory had con- 
sidered only circular orbits, the radius r of a given orbit 
remaining constant and the azimuth tp alone varying as 
the electron moved about in its orbit, In its inmost orbit 
the electron of the hydrogen atom had one unit of moment 
of momentum, the unit being actually hf 2ir, in its second 
orbit two units, in its third three, etc. But this condition 
could be as well fulfilled with certain types of elliptical 
orbits as with circular orbits, but in that case two inde- 
pendent variables <p and r would have to be introduced to 
describe the motion in each ellipse. Soinmcrfeld applied 
the same sort of quantum conditions to both of these vari- 
ables as Bohr had applied to (p alone before, i.e., he made 
the very natural assumption that if it was necessary to 
quantize one of the independent variables which defined 
the system it was necessary to treat the other in the same 
way. He thus made the total integral of the moment of 
momentum* of the system taken around a complete cycle 

• More correctly "quantity of action" defined by for 

the Wilson-Sommorfeld rules for the qunntiiuition of the n»imutlml co- 
ordinate <p and the radial co-ordinate r are 

I p<pd(p=*hh and | p^dr^nh 
representing “moment of momentum’^ with respect to ip and pf repre* 
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—the so-called total quantum nuaiiber— the sum of an 
azimuthal and a radial quantum number, the way in 
which the total integral of the moment of momentum 
was divided between the two determining the ellipticity 
of the orbit. Thus, when the total quantum number was 
I, the azimuthal quantum number had to be i and the 
radial quantum number o, or else the azimuthal o and the 
radial i. The first condition meant physically a circular 
orbit, as in the simple Bohr theory, while the last meant a 
radial oscillation in which the electron had to pass 
through the nucleus, which seemed a physical impossibil- 
ity (see, however, V, p. 300). Hence the inmost orbit, 
designated as a i, orbit (the first integer denoting total, 
the last azimuthal quantum number, the radial being the 
difference between the two), had always in this theory to 
be a circle. (See Fig. 27, page 219.) For total quantum 
number 2, however, two different orbits were possible, 
namely, a 2^ orbit, a circle (later on to be designated a /; 
orbit), or a 2i orbit, an ellipse (later called an s orbit) hav- 
ing its major axis equal to the diameter of the circle and 
twice its minor axis. The orbits of total quantum num- 
ber 3 might have the shapes 33, 3,, or 3,, just as shown in 
Figure 27, namely, a circle and two ellipses all having the 
same major axis but minor axes in the ratios 3, 2, i. 

So long as the Newtonian law of attraction governed 
the motions, all the orbits of a given total quantum num- 
ber would have exactly the same energy (for this would be 
determined solely by the length of the major axis of the 
ellipse) and hence be spectroscopically indistinguishable, 

senting momentum along Tj so that, since d<p has no dimensions while dr 
is a length, both quantities under the integral have the dimensions of 
^^moment of momentum,’* 
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since the only directly observable quantity in spectrosco- 
py is the emitted frequency, determined by the electron 
jump from one orbit to another, i.e., by the difference in 
the energies of two orbits. But when the Einstein rela- 
tivity corrections are applied to the Newtonian laws there 
is introduced, as already indicated on page 218, a change 
of mass with speed which makes the energy of binding of 
the electron to the nucleus in the case of a series of orbits 
of the same major axis (total quantum number) slightly 
greater the greater the ellipticity of the orbit, and hence 
makes the electron jumps into these orbits from a given 
position correspond to a number of slightly different fre- 
quencies, thus introducing fine structure into spectral 
lines. The theoretical procedure here adopted is in part 
the same as that used by Einstein in explaining precession 
in the perihelion of Mercury, i.e., it is another instance of 
the application of the laws of celestial mechanics to the 
domain of atomic mechanics. The quantitative predic- 
tion, however, of Mercury’s precession involves the gen- 
eral relativity theory, whereas the foregoing has to do 
only with "special relativity,” since the gravilaiional force 
between the nucleus and the electron is practically zero. 

This Sommcrfekl relativistic interpretation of fine 
structure introduced new possibilities of spectroscopic pre- 
diction which from 1919 to 1924 had extraordinary suc- 
cesses. Thus, all the lines of the so-called Baliner series 
of hydrogen, which consist of jumps into the state of total 
quantum number 2, a state possessing, according to the 
foregoing theory, only two possible orbits, one a circle and 
one an ellipse, should reveal a fine structure correspond- 
ing to the difference in the energies of these particular cir- 
cular and elliptical electronic orbits. To a first approxi- 
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mation they should actually all be doublet-lines with an 
accurately predictable difference in wave-length, or in 
frequency; and again Ihc prediction could be made wholly 
from the laws of orbital mechanics, Sommer feld’s theo- 
retical value of the frequency separation of the hypo- 
thetical hydrogen doublets of the B aimer series (total 
quantum number 2) came out .365 cm frequency units. 
Now with instruments of high resolving power not only 
are these hydrogen lines dl found actually to be doublets 
just as predicted, but the most accurate determination of 
this separation, obtained by Professor William V. Hous- 
ton' in the Norman Bridge Laboratory from his measure- 
ments on the Ha, H^, and Hy doublets came out .36 
cm.“* — a value within i per cent of the computed value — 
an altogether outstanding and spectacular demonstration 
of the power of the physicist’s newly discovered methods 
of spectroscopic prediction. 

Again, the theoretical relativity formula made the 
frequency separation of a corresponding pair of lines vary 
with the fourth power of the atomic number so that the 
corresponding lines in ionized helium — like atomic hydro- 
gen a simple nucleus-electron system, but with a charge 
on the nucleus twice that in hydrogen — should be sixteen 
times as far separated as in hydrogen. This prediction 
also was accurately verified, as early as 1916, by Paschen," 
his observed separation divided by 16 yielding, with ex- 
traordinary accuracy, o.365±.ooos — another quantita- 
tive triumph of orbital theory. 

But perhaps the most spectacular success of the rela- 
tivity formula as applied to the interpretation of spectro- 

' william V. Houston, Asirophys. Jour., LXIV (1926), 81. 

' Paachen, "Helium linien,”il»«. der Pkysik, L (igjfi), goi. 
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scopic fine structure came when this formula predicted 
with approximate correctness the frequency separation of 
the so-called L doublets in the X-ray spectra of the heavy 
elements like uranium. This, being a doublet correspond- 
ing, like the hydrogen doublets, to the electronic orbits of 
total quantum number 2, ought, if it were actually a rela- 
tivity doublet as assumed by Sommerfeld, to have a fre- 
quency separation obtainable by multiplying the observed 
separation in the case of hydrogen by the huge factor of 
71 million, for this represents the fourth power of the ratio 
of the atomic number of uranium (92) to that of hydrogen 
(i). The more accurate relation is 

Api:, = Avrr{Z-~sy 

in which Avi, is the separation of the X-ray L doublet, Avu 
that for hydrogen, viz., 0.365, Z the atomic number of the 
clement in question, and ^ the screening constant for the 
L shell of electrons which Sommerfeld took as 3.5. This 
may be thought of as 2 for the two K electrons and 1.5 for 
the interaction of the electrons of the L shell upon one 
another, thus making 1=3,5. This prediction also 
checked with experiment.' 

No Uworelical formula in the history of physics has had 
more spectacular successes than has Sommerfeld’ s relativity 
formula as applied to spectroscopic Jim structure. 

II. TID! SPECTRA OF THE ALKALI METALS 

We have seen in the preceding section how Sommer- 
telcl applied the relativity principle to the elementary 
Bohr theory so as to account for the fact that all the lines 
of the spectra of the atoms of both hydrogen and helium 

‘ Sco Somincrfeld’s Alotnban, etc., 4th Gcr. ed., p. 445. 
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are close doublets, the elliptical, or 2,, orbit corresponding 
to a slightly larger binding energy than the circular or 2, 
orbit. 

The next logical application of the orbit theory as 
presented in Figure 27, page 219, was to the intcrpreta- 


Lithium 



Fig, 43, — ^The diagrammatic representation of the spectra emitted by 
the atom of lithium, 

tiou of the spectra of the atoms of the alkali metals, of 
wliich lithium is the simplest example. Its spectrum is 
shown diagraminatically in Figure 43, the various possible 
orbits being here replaced simply by ^^energy levels^^ be- 
tween which electrons jump in order to produce the ob- 
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served spectral lines. The so-called "principal series” 
are produced by electron jumps into the so-called S levels, 
each of which in the Bohr theory, of course, corresponds 
to a particular orbit, indicated in the first column on the 
left. Since, according to the theory, there are in the sec- 
ond electronic shell (total quantum number 2) but two 
orbits, and since the lowest observed level corresponds to 
the highest numerical value of the binding energy, it will 
be seen that this lowest .S' level must be a 2, orbit, i.e., an 
ellipse. Similarly, the lines of the so-called sharp series 
are produced by jumps from the S levels into the P levels, 
or orbits, indicated in the second column from the left, 
and this P level in the second or L shell must according to 
the theory be a orbit, i.e., a circle. Likewise, the so- 
called diffuse series correspond to electron jumps from the 
more remote D levels shown in the third column,- into the 
P levels, and finally the so-called fundamental series to 
jumps into the D levels from the still more remote F levels 
of the fourth column. 

If, now, it were possible for electrons to jump at will 
from any level of higher numerical potential energy to one 
of lower, lithium would show a spectrum having a very 
much greater number of lines than is actually found. 
Hence, so-called selection rules are set up so as to restrict 
the possible jumps to those corresponding to actually ob- 
served lines. Geometrically stated these rules limit the 
jumps to levels of lower numerical energy in adjacent col- 
tmms, as shown in Figure 43, in which the lines connecting 
levels show all the electron jumps that are found to be 
normally possible. 

But now let us see what these levels mean from the 
standpoint of the Bohr orbit theory. Lithium has the 
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atomic number 3, and this means that it has three elec- 
trons in the region surrounding its nucleus, two in its 
K shell and one in its L shell. It is the jumping of the 
L electron from one level more remote from the nucleus 
to another less remote that produces all the lines indi- 
cated in Figure 43, The orbit in which this electron gets 
closest to the nucleus is of course the elliptical or 2, orbit. 
(See Fig. 27.) The other L orbit is a circle, designated 
by 2j, and is represented by the lowest level in the second 
or p column. Now it will be remembered that Sommer- 
feld found the explanation of the very close doublet struc- 
ture of the hydrogen and helium lines (so close that pow- 
erful spectroscopes are needed to separate them) in the 
fact that because of relativity the binding energy of the 2, 
orbit was just a trifle more than that of the 2j orbit. But 
how does it come that in lithium this same difference be- 
tween a 2, and a 2i orbit produces forty thousand times 
that energy difference (for this is actually the order of the 
energy difference between the lowest levels shown in col- 
umn I and column 2, Fig. 43)? 

Bohr found the answer to this question in the fact, 
easily computable from the orbit theory, that the 2, orbit 
permits the electron describing it to cut inside the orbit in 
which are found the two K electrons. The necessary re- 
lations are all found merely in the shapes of the orbits, as 
these are fixed by the foregoing quantization rules. For 
suppose the single electron which belongs to the L shell of 
lithium is in the 2, orbit— an ellipse the major axis of 
which is twice the minor axis. Since the nucleus is at the 
focus of this ellipse, the revolving electron must at peri- 
helion dip inside the circular K orbits of the two K elec- 
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Irons, as it is shown in Figure 27 to be doing, and there be 
relieved from the screening effect of these two K electrons 
for it. In other words, because of this penetration of the 
elliptical orbit inside the K shell the electron when in the 
2i orbit gets into a field of force several times as intense as 
it would if it did not penetrate the K shell. It is thus on 
the average very much more tightly bound to the nucleus 
than is the electron in the 2a orbit, which does not thus 
dip inside the K shell. Hence, wherever there is such an 
inner shell to penetrate, the energy difference between the 
2, and the 2a orbits will be very much larger than the rela- 
tivity difference. The very beautiful way in which this 
sort of explanation fits the observed facts whenever there 
are inner shells to penetrate (see Fig. 27) constitutes an- 
other extraordinary triumph for the orbital conception. 
Indeed, these “interpenetration ideas” of Bohr, illus- 
trated in Figures 28, 29, and 31, have been among the most 
fruitful of any of the orbital conceptions, illuminating in 
an extraordinary way the chemical properties of the ele- 
ments as revealed particularly in the picture of the period- 
ic table given in Figure 30.* 

Up to this point, then, Sommerfeld’s application of 
the relativity principle to the Bohr orbits has had alto- 
gether remarkable success, not only in explaining the fine 
structure of the spectra of the atoms of hydrogen and 
helium, but also in making intelligible both the similari- 
ties and the differences between the spectra of these sim- 
ple atoms and those of the alkali metals. 

■ N. ])ohi', Three Leclwes on Atomic Physics, Vieweg: Braunschwerg, 
also Ann. der Physik, LXXI (1923), 228. 
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III. INNER QUANTUM NUMBERS 

The only cause of spectroscopic fine structure thus far 
considered has been the relativity cause which operates 
by virtue of a difference in the shapes of orbits of the 
same total quantum number. But it was found as early 
as ip2o* that that was not enough to account for all the 
facts of fine structure. In X-rays, for example, the so- 
called L orbits, or L levels, correspond to a total quantum 
number 2, and this permits of only two different orbits, 
one a circle designated as a 22 orbit, and one an ellipse 
designated as a 2, orbit; but X-ray absorption experi- 
ments, like those shown in Figures 22 and 23, brought to 
light three different levels or orbits, all close together in 
frequency, in which L electrons were actually found. Two 
of these followed the relativity law, also known as “the 
regular doublet law” referred to in the last paragraph. 
The frequency difference of these two levels varied with 
the fourth power of the atomic number, as demanded by 
the relativity equation, These two levels are represented 
by the two diverging lines marked in Figure 44. 
The third level, Xj, is seen to follow an entirely different 
law, for it runs everywhere parallel to X3, and could 
therefore be accounted for by some difference in the ap- 
parent value of the nuclear charge such as might be pro- 
duced by some difference in the screening of the nucleus 
from the two orbits in question. X2 are therefore some- 
times called “the screening doublet.” The frequency 
difference between Xa and follows what has become 
known as the irregular doublet law, so that the geometri- 
cal representation in Figure 2 of the irregular or screening 

^ Sommerield, Ann. der Physik^ LXIH (1920), 221, See also Atomhau 
u, Specirallinieni chap. viii. 



THE SPINNING ELECTRON 281 

doublet law is parallel lines, of the regular or relativity 
doublet law diverging lines. 

Similarly, in the field of optics there are found experi- 
mentally three levels, or orbits, corresponding to the total 
quantum number a, instead of merely the two pennitted 



by the relativity theory. Although they arc not both 
shown in Figure 43, there arc actually two p levels too 
close together to be distinguishable in this diagram, and 
not merely the one 2^ orbit permitted thus far by the 
theory. It is these two p levels that arc responsible for 
the familiar red doublet most characteristic of lithium. 
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Since, then, only two different shapes were possible, Som- 
merfeld introduced the idea that two orbits of the same 
shape, but of different orienlaUons, might exist, and that 
some dissymmetry in the central force-field gave these two 
orbits slightly different energies. He introduced a so- 
called inner quantum number generally denoted by the 
symbol J to take care of this variation in orieiUatioHy just 
as changes in azimuthal quantum number took care of 
variations in shape. 

The difference in the frequencies of the familiar doub- 
let lines in lithium, for example, was supposed to be due 
to the fact that these two lines represented jumps into a 
common orbit called an j orbit from two orbits which 
differed only in inner quantum number, i.e., orbits of 
different orientations but the same shapes — in this case 
circles, or 2, orbits, known as the PiP, orbits. The s orbit, 
on the other hand, into which these two electrons jumped 
to form the lithium doublet, was the third possible orbit 
of the total quantum state 2, namely, the 2, orbit, of 
elliptical shape, the major axis being twice the minor. 
The two circular, or p, orbits differed only slightly in fre- 
quency, or energy, but the change in energy in going from 
either of the p orbits to the s orbit was relatively very 
large, as explained in the preceding section. 

This was the situation with respect to both optical and 
X-ray doublets when I. S. Bowen and myself began our 
studies on the spectra of so-called “stripped atoms.” 

rv. THE SPECTRA OP STRIPPED ATOMS 

These studies grew out of the developmentof the tech- 
nique of what we termed “hot-spark vacuum spectrome- 
try” with the aid of which it became possible to open up 
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to exploration and careful study the whole range of wave- 
lengths between the visible and the X-ray fields. Prior 
to ig20 Lyman' had succeeded in obtaining the spectrum 
of the gas helium down as far into the ultra-violet as to 
600 Angstroms, but aside from this the ultra-violet spec- 
trum below 1,000 A was a completely unexplored region 
and the available data between 1,800 A and 1,000 A was 
very meager. It was precisely in this region that lay the 
"stripped atom” spectra of greatest significance for the 
advances recorded in this chapter. For by 1923 with our 
high-vacuum, high-potential, “hot-spark” technique’ we 
had carried our ultra-violet explorations down to a re- 
ported wave-length of 136 A using vertical incidence of 
the light upon the gratings, and as early as the spring of 
1923 Bowen had developed and successfully used the 
grazing incidence technique and with it checked our wave- 
lengths down to 124 A. He did not, however, publish 
this grazing incidence method since in his early work he 
did not reach much shorter wave-lengths than we had 
obtained using normal incidence. In 1926 this method 
was independently worked out and published by A. H. 
Compton, and has since yielded in many hands fine spec- 
tra down to as low as 1 A. 

By the year 1924 Bowen and the author had succeed- 
ed with this "hot-spark” high-vacuum spectroscopy in 
stripping the entire outer or valence shell of electrons 
from each of the whole series of atoms Li, Be, B, C, N, 
and 0 . We thus obtained for the first time a long series 

* Lyman, yish‘ophy$, Jonr^t XLIH (1916), 102, 

^ Millikan and Bowen, ‘Tixtreme Ultra-violet Spectra/* Phys, Rev.t 
XXIIT (1924), I. See also Millikan, Sawyer, and Bowen, Aslrophys, 
Jour., LTII (1921), 150* for still earlier work on ^'hot sparks." 



284 


THE ELECTRON 


of light atoms having an identical electronic structure but 
a linearly increasing effective nuclear charge. For in view 
of the fact that the atomic numbers of these atoms are 3, 
4, 5, 6, 7, 8, respectively, and each of them has two elcc- 
tons in its K shell, the effective nuclear charges for these 
stripped atoms are i, 2, 3, 4, S, 6. It is, of course, the re- 
turn of one of these removed electrons through successive 



Fig, 45. — Moscley^s law in the field of optics. Stripped atoms of the 
sticond row of the periodic table. 


jumps from the more remote to the inner levels that pro- 
duces, for example, the lithium spectrum shown diagnim- 
matically in Figure 43, and precisely corresponding spec- 
tra pushed, however, farther and farther into the ultra- 
violet where our hot-spark spectroscopy could get at 
them, as the effective nuclear charge rose successively 
from I to 6 in going from stripped lithium to stripped oxy- 
gen. But it is precisely this combination of identity of hi~ 
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iernal electronic sirtickire among heavy atoms with linearly 
increasing nuclear charge which is responsible for the exist- 
ence of the Moseley law in the X-ray field — a law in which 
the square root frequency increases linearly with atomic 
number (Fig. 44). 

When wc tested this law with the foregoing sequence 
of stripped atoms, both in the levels for which the total 



Fid. 46.— Moseley’s law in the field ot t>i>tics. Stripped lUonis of the 
third row of the periodic table. 

quantum number is 2 and those in which it is 3, wc ob- 
tained the diagram shown in Figure 45. Similarly, we 
stripped the outer shell of electrons from the whole series 
of atoms of the third row of the periodic table, viz., Na, 
Mg, Al, Si,P, S, and Cl, and found the Moseley law again 
completely applicable (Fig. 46). 

The new simplicity and orderliness introduced into 
the tangled empiricism of the field ot optical spectra, by 
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the opening to systematic exploration in the years 1920- 
25 of the ultra-violet region between 1,800 A and 150 A, 
is very strikingly illustrated by Figures 47 and 48, To 
understand what these plates mean consider first the 
familiar and prominent pair of red lines in the lithium 
spectrum. These may be taken as the characlerisUc flag of 
a one-electron system, if we here define a one-electron 
system as a stripped atom through whose series of empty 
quantum orbits the first electron is jumping back as the 
atom tries to restore itself to its normal condition. 
When then we found this characteristic flag in the 
beryllium spectrum pushed over toward the ultra-violet 
just the right amount to fit the Moseley law, and with just 
the right wave-length separation, we knew that there ex- 
isted in our source stripped Be atoms and we then pro- 
ceeded to look in the beryllium spectrum for all the other 
lines characteristic of a one-electron system as found in 
lithium. Then going farther toward the ultra-violet we 
sought first the characteristic doublet flag when boron 
was in our hot-spark electrodes, and found it, and after- 
ward ajl the other expected lines. Then we did the same 
with carbon, then with nitrogen, then with oxygen, 
though not at that time with fluorine. Then going over 
, to the next row of the periodic table we did the same 
with Na, Mg, Al, Si, P, S, and Cl, for every one-electron 
system always flies this doublet flag. 

Precisely similarly every two-electron system, i.e., a 
nucleus with two electrons jumping through its otherwise 
empty quantum orbits, has its own characteristic spec- 
trum, the presence of which can, be easily recognized by 
some prominent group of lines that may be called the 
characteristic flag of a /«e»o-electron system. In just the 






Fig, 48. — ^Tlie five^band group of spectral lines (Figs. 47 and 48) is the 
characteristic flag of all two-valcnce electron systems. The four- band 
group is the corresponding flag of a three-valence system. 
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same way wc can find a characteristic flag flown by a 
three-electron system. Now Figures 47 and 48 show 
very beautifully these characteristic flags of both two- 
and three-electron systems, and hence tell us that any 
source in which these flags appear contains such atomic 
systems. Thus, the quintuplet of nearly equally spaced 
lines (Figs. 47 and 48) has now been found for all the two- 
valence electron spectra which have been studied by the 
method of hot-spark spectroscopy, namely for Mgi, Ain, 
Sju, Piv, Sv, Clvi, and for Bei, Bn, Cm, Niv, Ov, where the 
toman subscripts now signify the number of valence 
electrons that have been displaced from the normal atom 
in order that this spectrum may appear. Similarly, the 
quadruplet flag shown in the spectra of Si, P, S, Cl, C, N, 
0 is the characteristic flag for all three-valence electron 
systems. Furthermore, these quintuplet and quadruplet 
groups shown in Figures 47 and 48 are of exceptional 
theoretical interest because their existence proves that 
koo clectronSy lolh of which are in unstable quanlunt stales, 
may simultaneously perform koo definite quantum jumps 
and integrate their combined energy-changes into a single 
monockroinatic radiation,' The mechanism by which 
such an integration takes place is at present entirely un- 
known. 

But the results shown in Figures 45 and 46 had impor- 
tant consequences in still other directions. It will be 
seen that the difference between the frequencies of the s 
and p series is precisely like the difference between the 
two upper lines of the X-ray scries shown in Figure 44. 
In other words, it is an irregular or screening doublet rela- 
tion that exists between the s orbits and the pt orbits in 

« Bowen (ind Millikan, Pliys, Rev., XXVI (i<)2s), is®. 
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optics, just as between the Xa and orbits in X-rays. 
We next found to our amazement, by careful measure- 
ments on the variation of the separations of the jhjh 
doublet lines in going through the stripped atom series 
Li, Be, B, C, N, 0 , and also through the series Na, Mg, 
Al, Si, P, S, Cl, that these separations increased according 
to a fourth-power law with effective nuclear charge, i.c., 
ptP^ constituted a relativity doublet precisely as did Li 
Lj in X-rays. In a word, there was complete correspond- 
ence between the s orbit in optics and the orbit in X- 
rays, the p^ orbit in optics and the orbit in X-rays, the 
pj orbit in optics and the Li orbit in X-rays, 

There had been indications of this relation earlier. 
Sommerfeld in the first edition of his book, igig, had sug- 
gested it, but in later editions had discarded it as unten- 
able because theoretically impossible and not experlmcMi- 
tally justified. No unambiguous evidence could in fact 
be found until we had obtained a long series of atoms of 
identical electronic structure and varying nuclear charge 
to compare. It was work with these series that proved 
beyond a doubt that the energy difference behveen the pip a 
orbits followed in every respect the relativity equation^ 
though it could not possibly be due to a relativity cause^ as 
this cause was then understood, since this cause required 
differences in shapes of orbits, while the pip:^ orbits could 
not have differences in shapes but only differences in 
orientation. For the only difference in shapes of orbits 
permitted in the foregoing Bohr theory in the second or X 
quantum state was the 2^2^ difference required between 
the s and the p orbit in order to form the basis for the 
interpenetration ideas of Bohr which had had so manifold 
successes that they could not possibly bo disregarded. 
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In papers published in 1924 and 1925' we therefore 
stated it as one of the most interesting problems of theo- 
retical physics to retain relativity as a cause of fine struc- 
ture in hydrogen and helium, and indeed in general, and 
yet to find another non-relativistic cause "magnetic, or 
magnetic and electrostatic combined,” which would 
follow exactly the relativity equation. We concluded 
one of these articles with the following italicized state- 
ment: 

"The evidence for a difference in kind between the fine 
struckire of the lines of the two lightest elements, atomic hy- 
drogen and ionized helium, and that of lithium and all the 
dements beyond it is so good, despite their apparent simi- 
larity in behavior hi strong magnetic fields, that we propose 
to allribulc the doublets of atomic hydrogen awl ionized 
helium to a true relativity cause, and to introduce a neio non- 
relativistic cause, which, however, obeys an equation almost 
exactly like the relativity equation, to account for the beha- 
vior of lithium and the elements of higher atomic number. 
This is the only possible way to retain both Bohr's inter pene- 
tration' ideas and Sommerf eld’s relativistic treatment of elec- 
tron orbits; and both of them seem at present to demand re- 
tention. To find a neva cause for the relativity-doublet-for- 
mula mill only a little leeway in the value of the numerical 
constants is a problem worthy of the efforts of the theoretical 
physicist." 

Probably never before in the history of physics had 
such an extraordinary — so well nigh impossible — a condi- 
tion been imposed. And yet within a year of our state- 

» Phys. Rev.y XXTV (1924), 209-28; Proc. Nal. Acad. ScL^ XI (1925), 
119; Phil. Ma^.y XTJX (1925), 923. 
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merit of the problem, two young Dutch physicists, XJhlen- 
beck and Goudsmit,' stimulated partly by our work, part- 
ly by other difficulties with existing theory, pointed out 
especially by Lancl6, and having to do with the so-called 
anomalous Zeeman effect, had found in the assimplioit of 
the spinning electron another cause of fine structure which 
followed exactly the same law in all respects as the rela- 
tivity cause. The incident furnishes as striking an illus- 
tration as the history of physics thus far affords of the 
power of experimental and theoretical methods combined 
for predicting new phenomena, interpreting old ones, and 
thus slowly but inevitably, step by step, forcing open na- 
ture’s hitherto fast-bolted doors, 

The new physical conception introduced by Uhlen- 
beck and Goiidsmit is that every electron within an atom 
is not merely revolving in an orbit, but at the same time 
rotating, just as does a planet, on its own axis» There arc 
assumed to be but two possible directions of spin, i8o° 
apart, but the moment of momentum of spin is assumed 
to be always the same, namely, exactly one-half unit of 
moment of momentum, i.e., Such a conception 

introduces precisely the right amount of energy-difference 
between the p,p 2 circular orbits which is necessary to ac- 
count for their observed spectroscopic frequency separa- 
tion, This effect is simply superposed upon the relativ- 
ity effect, thus making the fine structure, even in hydro- 
gen and ionized helium, somewhat more complex than 
could be accounted for by the relativity effect alone. 
This newly predicted complexity was soon found by netv and 
more refined measurements by Professor Bonston^ to fit the 

* Ohlenbeck and Goudsmit, NalurCy CXVII (1926), 264. 

* W- V. Houston, Aslrophys. Jour>i CXIV (1926), 81, 
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expemmnlal facts much better than did the old theory. 
Further, the introduction as above of half-units of mo- 
ment of momentum due to electron-spin at once cleared 
up difficulties which had appeared in interpreting the 
facts of band spectra, so that the idea of the spinning 
electron has definitely proved itself to be of very great 
usefulness. Whether the very notable results which have 
(lowed from its introduction could have been obtained in 
any other way it is still too early to say. 

V. THE NEW SVECTROSCOPIC RULES 
With the aid of this new conception it has now be- 
come possible to make a nearer approach than heretofore 
to presenting a physical interpretation of a group of re- 
markable spectroscopic rules developed, largely empir- 
ically, between 1925 and 1927 by Russell,' Heisenberg,* 
Pauli,^ and Hund,'’ and embracing in an altogether re- 
markable way most of the facts of spectroscopy known up 
to the present. The success with which these empirical 
rules describe the facts of spectroscopy is little less than 
magical. These rules naturally all start with, and grow 
out of, the fundamental assumption underlying all quan- 
tum theory, namely, that all periodic motions must be 
quantized, i.c., that periodic motion itself is unitary in its 
nature. As applied to atomic mechanics this means sim- 
ply that all moments of momentum characteristic of the 
periodic motions within the atom arc to be assigned char- 
acteristic quantum numbers and are to be allowed to 
change only by unit steps. 

' Russell (vnd Sftuiulers, ibid., LXI (1025), 38. 

’ lieiscnljerg, Zeit. f. Phys., XXXII (Joas), 841, 

^ Pauli, ibid., XXXI (1925)1 76 S- 
< Hund, ibid., XXXIII (1925), 345. 
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In the case of each individual electron there are just 
four sorts of such moments of momentum to consider. 
In other words, there are four elements necessary to the 
complete description of an electron’s motion within the 
atom, namely (i) the size of its orbit, (2) the shape of its 
orbit, (3) the orientation of its orbit in space, and (4) the 
orientation, or direction, of its spin. 

1. The total integral of the moment of momentum 
(quantity of action, see i, p. 271) of an electronic orbit is 
characterized by its total quantum number n introduced 
by Bohr. This fixes the size (or major axis) of the orbit. 

2. The azimuthal quantum number which, with a 
given » or major axis, fixes the shape (minor axis) of the 
orbit has heretofore been characterized by the quantum 
number k. For some reason, perhaps not yet fully under- 
stood, but doubtless of profound physical significance (see 
below) in order to make the new spectroscopic rules fit 
the experimental facts it is found necessary to reduce by 
unity all values of k heretofore assigned. Since, however, 
we are not yet ready to discard entirely for the old pur- 
poses the old interpretations, this reduced value of k is for 
convenience denoted by a new S3nnbol I, so that merely by 
definition l — k—i. Thus for an 5 orbit ^ =0, for a p orbit 
/ = I, for a d orbit 1 = 3 , etc. 

3. The projection of the orbital moment of momen- 
tum I upon any fixed direction of reference, which, in the 
consideration of the Zeeman effect, is the direction of the 
applied external magnetic field, is quantized and desig- 
nated by the S3TnboI Wi. This projection obviously fixes 
the orientation of the orbit in space. The physical signi fi- 
cance of the fact that this projection is quantized is that 
only certain definite orientations of this orbit are possible 
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(such spacial quantization is directly proved by the so- 
called Stern and Gerlach experiments), 

4. The projection of the moment of momentum of 
spin upon the fixed direction of reference is, designated 
by the symbol ith. As stated above, there arc supposed 
to be in each atom but two possible directions of spin, 
i8o° apart; so that in, of course determines in which of 
these two directions a given electron is spinning. Tlic 
quantities dh and m, arc usually called magnetic quan- 
tum numbers merely because of their use in connection 
with magnetic fields. 

Now one of the new and very illuminating spectro- 
sopic rules known as the Pauli exclusion rule states that 
in a given atom no two electrons may be alike in all four 
of the above elements; in other words, two electrons can- 
not occupy one and the same electronic position within 
an atom. 

This rule carries with it at once a whole group of con- 
clusions which have been reached by piecing together 
evidence from many ejuarters. Thus it requires that the 
K shell of all atoms possess two electrons and no more; 
for since in this shell « = i and l~o and hence Wj=o it 
follows from the rule that in the fourth element of their 
motion, namely, the spin, the electrons must be dififerent; 
and also that not more than two can exist without having 
two alike in all four elements, and hence violating Pauli’s 
rule. 

Similarly, and for precisely the same reasons, there 
can be but two electrons in s orbits in a shell of any total 
quantum number whatever, and this in turn requires that 
the eight electrons of the L shell shall be found two in s 
orbits and six in p orbits — a relation discovered by 
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Stoner* and Main-Smith'' in England in 1924 by putting 
together evidence from a variety of sources. This rela- 
tion underlies the whole of Table XIV, page 227. 

Further, because of the opposite directions of spin of 
the two electrons of a X shell their joint or resultant mo- 
ment of momentum and also their total magnetic moment 
must be zero, which in turn requires that helium be dia- 
magnetic as it is found in common with all the noble gases 
actually to be, 

Paulies rule also requires that every closed shell, in- 
deed every completely symmetrical electronic configura- 
tion, have a zero value of its resultant moment of mo- 
mentum, and also of its magnetic moment. This accords 
with the fact that mercury, and other two-valence atoms, 
in their ground or unexcited states are diamagnetic, 

Since every completed shell has zero moment of mo- 
mentum, it follows at once that the total or resultant 
moment of momentum of an atom having a given elec- 
tronic configuration^ — and the number of different values 
that this moment can assume determines, of course, the 
number of terms in the fine structure corresponding to 
that configuration — ^must be made up of the coinbincd 
moments of momentum of the electrons in the uncom- 
pleted or valence shell. This important relation was 

* Stoner, PML Mag.^ XLVIII (1924), 719. 

» Main-Smith, Jour. Soc, Cheju. Ivd., LXIV (1925), 944. 

3 The word configuration as above used means the definite cHstribu* 
tion or assignment of the valence electrons to their proper types of orbit, 
e,g,, means two electrons in s orbits and three in p orbits. Again 
means that one of the three p electrons, just referred to, I ms been 
pushed up into a higher state. Since there are a total oi 6 p orbits, 3 
electrons can be fitted into the 6 orbits in a considerable number of differ- 
•‘nt ways and to each way corresponds a characteristic term value. 
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first perceived by Russell* who also first formulated the 
new rules for the composition of the total moment of mo- 
mentum of the atom from the foregoing components. 
Thus, when more than one electron is present in the 
valence shell the Joint orbital moment of momentum L 
of the whole group is obtained by taking the quantized 
vector sum of the individual moments 1. For example, 
for two electrons in p orbits, for each of which I = i, the 
quantized vector sum is o, i, or 2. The physical signifi- 
cance of the fact that the vector sum of the Is is quantized 
to obtain L is that the electrons arc able to rotate only in 
orbits of such orientations about the nucleus that this 
vector sum is a whole number of units of moment of mo- 
mentum. 

The next step is to obtain the joint moment of mo- 
mentum R of the spins of the individual electrons. Since 
these spins are assumed to be in the same plane and each 
of amount the quantized vector sum is here simply 
the algebraic sum, i.e., in this case jR=^~2==o or 

Finally, to obtain the total moment of momentum of 
the whole atom we take the quantized vector sum of the 
total orbital moment L and the total spin moment R. 
This is precisely the quantity which was originally called 
by Sommcrfeld the inner quantum number and desig- 
nated by the letter J. Thus lor the values Z,= 2, i 
the quantized vector sum is i, 2, or 3. 

The fundamental quantum condition is now that all 
possible values of J constitute a scries of which the suc- 
cessive steps differ by unity. If the value of R is an odd 
number of half-units, i.e., if there is an odd number of 

'Russell nncl Siiundcrs, Aslrophys. Jour,, LXI (loss), 38. 
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spinning electrons, then all the values of J are obviously 
half-integral (|, f , etc.) while if the value of R is in- 
tegral, then all the values of J are likewise integral. The 
number of possible values of J obtained from a given pair 
of values of R and L gives the multiplicity, i.e., the num- 
ber, of terms in the fine structure. The maximum of the 
multiplicity is actually 2i?-|-i. 

The notation now in general use in the formulation of 
the new rules is as follows. When the value of L built up 
as above from the vectorial summation of the te of the in- 
dividual orbits is o, the term is by definition an 5 " term. 
When L = z the term is by definition a P term; when 
L = 2 it is a D term; when i = 3 it is an F term, etc. 

The foregoing quantization rules predict a much larger 
number of terms than are actually obtained from a given 
configuration, but Pauli's exclusion rule succeeds in re- 
ducing the number of terms to those actually observed . 

The new rules thus briefly outlined have had such al- 
together extraordinary success in predicting the character 
of the spectra emitted, not only by the simpler atoms, 
such as those which have been the subject of the studies of 
Dr. Bowen and myself, but by atoms like iron and titani- 
um, thousands of whose lines have already been identi- 
fied, that it seems as though we now have within our 
grasp the means of predicting the precise sorts of radia- 
tions which can be emitted by all the possible excited 
states into which any atom can be thrown. Indeed, the 
predictions even of complicated spectra have recently 
been so successfully made that one prominent spectro- 
scopist has lately remarked that “the heroic age of spec- 
troscopy is already past.” 

Nevertheless, these rules are still to a considerable ex- 
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tent empirical — remarkable witness to the ingcmiity of 
the physicist in picking out rules of behavior , and extra- 
polating from these rules from observed to unobserved 
phenomena. They are, however, little more than rules. 
They do not yet represent a completely logical and con- 
sistent scheme of interpretation, and they are only vague- 
ly and very imperfectly translatable into physical pic- 
tures visualizable in terms of physical relationships, 
Thus, after the extraordinary and manifold successes de- 
tailed above which followed upon Somincrfeld’s introduc- 
tion of the idea of elliptical orbits — an idea definitely re- 
quiring that one unit of azimuthal moment of momentum 
be assigned to s orbits, two to p orbits, etc. — it is some- 
what disconcerting to find that to fit the new spectro- 
scopic rules s electrons can have no orbital momentum at 
all (f = o) . This looks like a very fundamental contradic- 
tion and seems to spoil a whole group of interpretations 
which were thought to be ejuite definitely established. It 
is, however, just such contradictions which point the way 
to the next advance, as was so beautifully shown in the 
foregoing history of the development of the idea of the 
spinning electron. Furthermore, this advance is perhaps 
already dimly in sight, for the new wave mechanics actu- 
ally does require that the j state (orbit) always represent 
a pure radial pulsation, centrally symmetric, and without 
any axial structure, and hence without any angular mo- 
mentum. The whole momenl of momenUm of elcclrons in 
the s stale would then inhere in the spin. This means that 
we have overdone somewhat shape of orbit in all the fore- 
going attempts at physical interpretation. Thus, for ex- 
ample, on page 272, we discarded as a possible 

case because it represented a linear oscillation or pulsa- 
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tion of the electron along a line containing the nucleus. 
The introduction of Heisenberg^s principle of uncertainty, 
which means that while retaining as a first approximation 
the orbit conceptions of Bohr we can never specify the 
precise position of an electron in a particular orbit, 
makes it now possible to reintroduce , this linear case 
k = on-i^ which is precisely what we did in making k^o 
for the s orbit through the convention — i). This 
change also makes it possible to retain all that is essential 
in the interpenetration ideas of Bohr. In any case the 
foregoing series of possible values of moment of momen- 
tum of the electron must be retained and the introduction 
of the idea of the spinning electron has helped greatly in 
the attempt toward physical visualization of how these 
various moment of momenta come in. But just what in- 
fluence this new group of ideas is to have upon the whole 
group of orbital conceptions developed in the early por- 
tion of this review is still somewhat uncertain. 

The last twenty years of the history of spectroscopy, 
however, constitutes a remarkable illustration, first, of 
the rapidity of our modern rate of advance — a whole huge 
domain, a veritable dark continent — having been ex- 
plored and reduced to order and civilization in a period of 
about twenty years; and, second, of the power of the 
physicist^s two tools, analysis and experiment, when used 
properly together, for forcing open nature^s most tightly 
barred and bolted doors and wresting her most jealously 
guarded secrets from her for the enrichment of the life of 
future generations. For every bit of added knowledge of 
nature adds so much to our control over her, that is, to 
our ability to turn her hidden forces to useful ends* 



CHAPTER XIII 


THE DISCOVERY AND ORIGIN OF THE 
COSMIC RAYS 

I. TUB DISCOVERY OF THE COSMIC RAYS 
The term “cosmic rays” is not yet ten years old, and 
the branch of physics with which it deals first began to be 
opened up about 1910. It came about as follows: It 
will be remembered that X-rays were discovered in 1895 
and that the characteristic that distinguished them from 
nil “radiations” theretofore known was their very much 
greater penetrating power. Indeed, it was their ability 
to penetrate the flesh of the hand and leave shadow pic- 
tures of the bones upon photographic plates that first 
called their existence to the attention of Professor Roent- 
gen’ in Wtlrxburg, Germany. It was Bccquercl’s search 
in Paris for other sources of such rays that led him to the 
discovery of the radioactivity of uranium in 1896, These 
rays were in their turn soon found to be very much more 
penetrating than were the X-rays, and after the separa- 
tion from uranium of radium and its concentration by 
Mine Curie in 1898 careful studies of these penetrating 
powers began to be made. 

It was 1902 when Rutherford and Soddy’ succeeded in 
separating these rays into three groups, wliich they 
named a, | 3 , and 7 rays, the first two of which were found 
to be deflectable by a magnetic field and therefore to con- 
‘ Roentgen, Wleil. Ami,, LXIV (i.'tod), 1. 

“ Rutlicrfovd and Socldy, riiil. Man.. fV (kjoj), 370, sfip, and V 
(1903). SI6. 
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sist of electrically charged particles, while the last of the 
three were not so deflectable and therefore were in this 
respect like light. The j 3 rays (electrons) were a hundred 
times more penetrating than the a rays (helium nuclei), 
and the 7 rays a hundred times more penetrating than 
the rays. Indeed, the 7 rays were found so penetrating 
as to be detectable through as much as two inches of lead. 
That these radioactive materials, giving olT radiations of 
just such great penetrating powers, were present in min- 
ute amounts in all kinds of rocks and soils was indicated 
(later definitely proved) when it was shown in 1903 both 
hy Rutherford and Cook' and McLennan and Burton^ 
that the ordinary rate of discharge of an electroscope 
could be somewhat reduced by surrounding it with lead 
shields an inch or so thick, for these were experiments ex- 
actly like those that had already been performed with 
concentrated samples of radium, uranium, and thorium. 

Up to 1910 not a trace of evidence had appeared for 
the existence of any rays of a penetrating power greater 
than that of the 7 rays of radium. Indeed, all the work 
that had been done prior to 1910, even on rays capable of 
discharging electroscopes through metal walls centimeters 
or even inches thick, was interpreted in terms of such 
earth rays, or of the radiations given off by the radioac- 
tive emanations getting from the earth into the lower at- 
mosphere, and these are, in fact, responsible for much the 
greater part of the observed electroscope-discharging ef- 
fects found on the earth^s surface, Also, prior to 1910, 
not a trace of evidence had appeared that penetrating 
rays entered the earth from outside. Such a hypothesis 

* Rutherford and Cook, Phys. Rev,, XVI (1903), 183, 

^ McLennon and Burton, p. 184 
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had not even been seriously proposed. Apart from a 
passing suggestion of Richardon’s' in 1906 that electro- 
scope-discharge effects observed at the earth’s surface 
might possibly have something to do with solar influences 
—a suggestion quickly negatived by the fact that these 
effects are as strong in night time as in daytime — I can 
find no record of the existence anywhere up to 1910 of 
any ideas even remotely related to those that are now 
associated with tlie term "cosmic rays.” Indeed, in 1909 
all the work that had appeared in this field up to that 
date was reviewed by Kurz' and careful consideration 
given to each one of the only three possible origins of the 
observed electroscope-discharging effects, namely (i) the 
earth, (2) the atmosphere, and (3) the regions beyond the 
atmosphere. The last two were defmilely discarded and 
the conclusion drawn that there was not the slightest 
evidence for the existence of any penetrating rays other 
than those produced by radioactive substances in the 
earth — this with full knowledge, too, dwelt upon at length 
in this article, that half a mile of the earth’s atmosphere 
was sufficient to absorb all such radioactive radiations. 

When, therefore, in 1910, the Swiss GockeP took an 
electroscope three different times in a balloon to heights 
that reached 4,500 meters and found that Us rale of dis- 
charge was there even higher than on the earth, he had dis- 
covered something new and important, namely, that al- 
though there arc penetrating rays that do originate in the 
earth and are indeed abundantly given off from practical- 
ly all kinds of rocks and soils in the earth’s crust, as Kurz 

' 0 . W. Richardson, NaUire , LXXIII (looO), 607; LXXIV (1906), ss. 

’ K. KitriS, Phys. Zeil., X (igop), 834. 

3 Goeket, ibid., XT (1910), 280; also XII (ign), 597. 
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and the other workers prior to 1910 had rightly concluded, 
yet there must he other rays abundant at high altitudes that 
come in from above originating either (2) in the remoter re- 
gions of the atmosphere or else (3) coming in from outer 
space, Which one of these two possibilities corresponds 
to the correct origin it took a great deal of work by Hess, 
Kohlhdrster, v. Schweidler, Bowen, Otis, Cameron, my- 
self, and others, from 1910 to 1925 definitely to deter- 
mine/ 

The point of real significance in GockeFs experiments 
is simply the fact that the readings certainly did not fall 
at all to zero at altitudes above 1,000 meters, as they were 
obliged to do, as shown repeatedly before 1910, if the 
earth were the source of the observed effects. Instead of 
this, GockeBs experiments showed, to quote Hesses words, 
“a slight increase with altitude,^* thus definitely disprov- 
ing the hypothesis generally favored up to this time and 
forcing a choice of one or the other of the hypotheses 
(No, 2 or No, 3) rejected by Kurz. 

The next year, 1911, Hess, after repeating and chock- 
ing GockeVs experiments, extending them to S)2oo meters, 
and making them more quantitative, spoke in favor of a 
return to Kurz* hypothesis No. 3, although at the same 
time suggesting the possibility of No. 2. He also pointed 
out the important fact that these discharging effects were 
apparently as strong in night time as in daytime, In 
1913 and 1914 Kolhdrster carried observations essentially 
like those of Gockel and Hess to 9,000 meters, and in in- 
terpreting his observed twelve- or thirteen-fold increase in 
discharge rate at that height over that at sea level, fa- 

' Millikan, ‘‘History of Research on Cosmic Rays/’ NaUire, CXXVI 
(July Si ^930), 14. 
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vorecl hypothesis No. 3. But, as late as 1924, Wigancl* in 
a comprehensive and admirable review summarizes the 
situation as it existed at that date as follows; "The hy- 
potheses as to the origin of the penetrating high altitude 
rays look upon these sources as either outside the earth, 
i.c., in the cosmos, or else in the higher layers of the at- 
mosphere {Hess, 28, 33, V, Schweidler, Seeliger). From 
the many evidences for and against it is not possible as 
yet to recognize a clear picture and one must, for the 
present, reckon with several possibilities.’' 

On account of the World War there were no observa- 
tions significant for this history from 1914 to 1922 when, 
in March and April of the latter year, Bowen and I made 
from Kelly Field, San Antonio, Texas, the first ascent into 
the stratosphere’ (15,500 meters or 50,000 feet) with self- 
registering electroscopes, barometers, and thermometers, 
carried up in sounding balloons. Figure 49 shows the 
first type of electroscope to ascend so high. It weighed 
with all its recording and driving mechanisms about 7 
ounces. It was gone three hours and twenty minutes 
and landed near Houston, a hundred miles from its start- 
ing point, Our object in making this high flight was to 
obtain wlmt we hoped would be crucial evidence to dilTei 
entiate between hypotheses No. 2 and No. 3. For, wc; 
argued, that if the rays originated outside the atmosphen 
we should expect an exponential increase in ionization 
i.e.) a geometrical progression of discharge rate, clear to 
the top of the atmosphere [our instruments went .89 o 

‘ Wigand, Phys, ZeU., XXV (15*4), 193. 

’ Millikan, Carnegie Insi, of IYimA. Year Hook No. si, 192a, pp. 38,^ 
86; also Millikan and llowcn, Phys. Rev., XXII (102.3), 198, and XXVll 
3 S 3 . 
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the way to the top] with about the absorption coeflicient 
which had been computed from Kolhorster’s highest 



Fig* 49. — The first stratosphere (light with instruments for recording 
cosmic rays was made from Kelly Field, San Antonio, Texas, in April, 
1922, The electrometer with the recording mecimnism for giving a 
continuous record of temperature, pressure, and cosmic~ray intensity 
weighed 7 oz. It was carried up to 15.5 Km, (50,000 ft.) by two balloons 
filled with hydrogen to a diameter of 4 feet and brought back to earth 
with a good record after 3J hours by the balloon that did not burst. 
Skylight falling through the o.ooi-inch slit at the right casts shadows 
(diffraction images) of fibres on the photographic film placed just behind 
a horizontal slit in the recording attachment to the left, 

flight (to 9,000 meters), namely, =0.55 per meter of 
water. Since our electroscope came down with a total 
discharge very considerably less than that computed from 
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this coeflicient, we concluded that ihe apparent absorption 
coefficient went through a maxinmm before reaching the top, 
a behavior at least consistent with hypothesis No. 2, so 
that these experiments left us still in doubt about the 
place of origin of the rays. 

The difliculty was that up to this time no one had 
measured directly the penetrating power of these rays, 
but only the way their intensity varied with altitude. 
But very soft rays suitably distributed in origin in the at- 
mosphere might show any desired distribution of inten- 
sity with height, while rays of external origin in order to 
be felt near the earth’s surface would have to have a 
penetrating power sulTicient to go through 10 meters of 
water — the equivalent in absorbing power of the atmos- 
phere— -while the rays from any known radioactive sub- 
stances could not possibly penetrate more than, say, 2 
meters of water. So Otis, Cameron, and I, in the fall of 
1922, set at the problem of directly measuring the pene- 
trating power of the rays in question, and by the summer 
of 1925 had succeeded, through sinking our electroscopes 
meter by meter (down to 15 meters) in the high-altitude, 
snow-fed Muir Lake (11,800 feet) near Mt. Whitney, 
California, in proving that there were here rays coming in 
exclusively from above of at least 18 times the penetrating 
pffiver of the hardest knovm gamma rays, a penetrating 
power amply sufficient to get through the atmosphere 
several times over. 

We also proved by next sinking the same electroscopes 
in Arrowhead Lake, California (5,100 feet) and finding 
that each of the readings in this lower lake was identical 
with a reading in the upper lake 6 feet farther down (the 
6 feet being just the water-equivalent of the amount of 
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atmosphere between the levels of the two lakes), that ihe 
atmosphere between these two levels acted simply as an ab- 
sorbing blanket and contributed not a bit to the intensity of 
radiation jound at the lower level. 

These two experiments seemed to us to settle the ques- 
tion that the rays were of cosmic origin, for the first 
showed that they had ample penetrating power to come 
from outside, and the second showed that the sources 
were not distributed throughout the atmosphei'e. Fur- 
ther, we could not conceive of any type of events, of the 
energies here involved, taking place in our atmosphere 
which would be entirely absent from the sun’s atmosphere, 
as we could definitely prove the sources of these rays to 
be (see Section II of this chapter). Therefore, late in 
1925, we wrote the first article in which we called these 
rays "cosmic rays.”* In the matter of absorption co- 
efficient in 1923 Kolhbrster’ too had gone at the problem 
of trying to measure directly the penetrating power of the 
rays in question. To do this he took readings, first on top 
of a glacier in the Alps and second in a crevasse in the 
glacier where if local rays from the surrounding moun- 
tains and from glacial dirt were assumed to be absent a!! 
the ionising rays had to pass through a known thickness 
of ice. He thus obtained an absorption coefficient of the 
same order of magnitude as that which we found in 1925. 
He obtained results of this order of magnitude too in shal- 
low bodies of water, and drew the conclusion that he had 
at least "established the existence of a hard gamma ray 
having an absorption coefficient about ^ that of the 

'Proc. Nat. Acad. Set., XII (1926), 48-ss; Phys. Rev., XXVIIt 
(1926), 851, 

" KolhSrster, Sils. Ber. Preuss, Akad. Wm., XXXIV (1923), 366. 
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hardest known gamma ray.” However, at the Volta 
Centenary held at Lake Como, as late as 1927 one of 
the most (listinguishecl of living physicists declared him- 
self still a believer in an upper atmospheric origin of these 
radiations, so that up to that time neither our work nor 
IColhdrstcr’s had carried complete conviction, 

Today, however, I think the cosmic origin has been 
practically universally conceded and with that concession 
it follows from the measurements of intensities which we 
carried very close to the top of the atmosphere in 1922 
and carried up to still higher altitudes in 1932* and 1933,’ 
as did also Rcgcncr, Piccard and some others (see below), 
that the total cosmic-ray energy falling into the earth is 
approximately one-half of the total energy coming in in 
the form of radiant heat and light from the stars. We 
get this total of the inflowing cosmic-ray energy simply 
by counting the total number of ions produced and multi- 
plying this by the known mean energy required to ionize 
air, viz., 32 electron-volts. Again, since the energy per 
cubic centimeter in the form of heat and light inside our 
galaxy must be much greater than it is in intergalactic 
space, while the cosmic-ray energy is just as dense out- 
side as inside (for Cameron and I found the cosmic rays 
quite as intense when the Milky Way was out of sight as 
when it was overhead), it follows that there is in the uni- 
verse much more energy in the form of cosmic rays than in 
the form of heat and light. From the astonomical estimates 
of Ike Mstrilnition of the nebulae we conclude that the total 
radiant energy in the universe existing in the form of cosmic 
rays is from 30 to 300 times greater than that existing in all 
other forms of radiant energy combined. 

* Bowen nnil Milliknn, Phys, Rev,, XLIII (1933)1 

" Bowen, Millikan, and Nclicr, ibid., XLVI (1934)) 64 *- 
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II, EVIDENCE AS TO THE PLACE OF ORIGIN OF THIi 
COSMIC RAYS 

In the last paragraph I have touched upon the most 
amazing property of the cosmic rays, namely, the imi- 
formity of their distribution over the celestial dome. In spite 
of an enormous amount of experimenting by Hoffmann, 
Steinke, Corlin, Lindholm, Hess, and many other* ob' 
servers, no one has yet brought to light any certain^ direct 
injkience of the sun on the intensity of the cosmic rays. 
Within the limits of my own observational uncertainty 
they are just as strong at night time as in daytime. In 
my own careful tests upon this point, ^ covering years of 
time, I found small daily changes amounting to i or 2 
per cent, as did other observers, but the phases of these 
changes did not coincide with the times of appearance 
and disappearance of the sun, nor with the time of its 
passage across the meridian where any influences from it 
must encounter the minimum of atmospheric absorption, 
so that any direct solar influence should show symmetri- 
cal variations about the noon hour, which they did not do. 
All the very small observed variations appear to me con- 
sistent with the view that they are due to daily convective 
changes in the thickness of the atmospheric blanket 
through which the rays must pass to reach the earth^s sur- 
face, and, despite much controversy, I think this view is 
now quite generally accepted. The exceedingly careful 
and exact measurements of Hoffman,^ in Halle, are quite 
convincing on this point. Nevertheless, if the cosmic 

^ See review by Axel Corlin, Dissertation, Lund, Sweden, 1934} also 
Summary by Hoffmann, Phys, Zeit.^ XXXIII (1923), 633. 

^ Fhys, Rev., XXXIX (1932), 391. 

3 Hoffman, ZeH.f. Physik, XLIX (1931), 704. 
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rays are shooting uniformly in all directions through 
space, secondaries released in the sun’s atmosphere might 
produce slightly greater day-time than night-time ejects such 
as Hess finds (1934). This effect, if it exists, is well 
masked by the other causes of fluctuations, and has no 
bearing anyway on the following conclusions. 

The processes that give rise to these rays do not then 
take place in appreciable amount in the earth’s crust, 
else the rays would not all come in from above, as the 
measurement of intensities by Cameron and Millikan, 
clear down to within a few feet of the bottom of lakes, 
hundreds of feet deep, definitely proved them to do. 
The equality of day-time and night-time effects shows 
equally definitely that these rays do not come to us in 
appreciable amount from the sun, and the entire lack of 
effect of the presence overhead of the Milky Way — a 
point which in 1926 we tested' carefully in South Ameri- 
ca, where we could get entirely out of sight of any portion 
of the Milky Way for several hours at a time — shows 
convincingly that these rays do not come from any of the 
stars of our galaxy. Positively stated, these experiments 
seem to show altogether definitely that these rays come 
from beyond the Milky Way, If, again, they originate in 
any kind of atomic or nuclear transformations, the nor- 
mal conditions existing in the earth, the sun, and the 
stars are apparently unfavorable for these transforma- 
tions. In a word, the portions of the universe in which 
the great bulk of the matter of the universe is concentrat- 
ed are certainly not the portions in which the cosmic rays 
originate. 

If, then, these rays are being formed now anywhere, 

' Millikan and Cameron, Pliys. Rev,, XXXI (iq^S), 169. 
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we must conclude that the conditions of temperature and 
pressure existing wherever matter is largely concentrated 
are unfavorable to such formation, and we seem to be 
forced, then, to seek their origin in the conditions of ex- 
ceedingly low densities, temperatures, and pressures ex- 
isting in interstellar space if we would account for the uni- 
formity, by night and by day, of their distribution over 
the celestial dome. This possibility is a most stimulating 
one, for it would mean that there is some heretofore un- 
dreamed-of kind of activity taking place, more or less 
uniformly, throughout the depths of space — an activity 
which manifests itself in continuously raining enormously 
energetic bullets of some kind (photons, electrons, or 
both) from all directions upon the heads of us mortals 
who live on the surface of the earth. 

ni. HVPOTirESEs as to the mode op origin of 

THE COSMIC RAYS 

The only kind of activity that I have been able to think 
of that can furnish bullets of the requisite energy to ac- 
count at least for the least penetrating, and by far the 
most powerfully ionizing part of the cosmic rays, is the 
occasional sudden building up, out in the depths of space, 
of one or another of the heavier elements out of the hy- 
drogen nuclei from which our atomic weight table tells us 
that all the heavier atoms have at some time or other ac- 
tually been built up. This atom-building hypothesis will 
presently be shown to be a special case of the so-called 
mass-annihilation h3q)othesis as to the origin of the cos- 
mic rays. The only other source than matter-annihila- 
tion that has been suggested for these observed cosmic- 
ray bullets is a cosmic electric field, essentially symmetri- 
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cal with respect to the earth, and of such strength and 
sign ns to drive electrons or ions continually into the 
earth with energies which must rise as high as the highest 
circrgics observed in the cosmic rays, namely, several 
billions (I. use a billion as a thousand million) of electron- 
volts. The difliculties with a hypothesis of this latter- 
kind are so great that I have, for the present, discarded 
it altogether as completely untenable.' 

But in any case, so far as we can now see, one has 
only these two alternatives between which to choose as to 
the origin of the observed energies, namely, cosmical 
electric fields, symmetric with respect to tire earth and 
rising to the values indicated, or else some kind of atomic 
transformation which is capable of releasing the ob- 
served energies. These latter must be oire or the other 
of two types of processes, namely, atom-building proc- 
esses or atom-annihilating processes, or both, and these 
are, in their most fundamental aspect, not essentially 
dKTcrent, for in accordance with Einstein’s equation, 
E^mc‘, every process which releases radiant energy of 
any kind must be accompanied by a corresponding de- 
crease in the mass of the radiating system, i.e., it must 
correspond to the transformation of mass into radiant 
energy. As a matter of fact, the mass of every known 
atom is less than the sum of the masses of the hydrogen 
nuclei which, at some time, have come together to form it, 
so that, as stated above, alom-kdlding processes represent 
merely (t purlial stage in the atoni-annihilatvng process. 
From the measured masses of the various atoms it is 
possible to compute the energy released if an atom of heli- 
um is formed by the sudden union of four atoms of hydro- 
' Dowen, Millikan, and Nchor, Phys. Rev., XLVI (1934), 64^ 
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gen. It comes out 28 million elect roiwolts; that re- 
leased by the sudden fonnation of an oxygen atom out of 
16 hydrogen atoms comes out 116 million electron-volts; 
that released in the foimation of silicon out of 28 atoms of 
hydrogen is 216 million volts, of iron out of $6 atoms of 
hydrogen 460 million volts, and of uranium, the heaviest 
known atom, about 1,800 million volts. On the other 
hand, complete sudden annihilation of an atom of hydro- 
gen would yield about 1,000 million electron-volts, of 
helium 4,000 million, of lithium 7,000 million, of carbon 
12,000 million, of oxygen 16,000 million, etc, 

We shall see later that the great majority of the cos- 
mic rays appear to have energies within the ranges indi- 
cated above as corresponding to the sudden building of 
the common elements, oxygen, silicon, iron, possibly also 
helium, out of hydrogen. It is interesting to observe in 
this connection that Henry Norris Russell concludes 
from his astronomical studies that more than 90 per cent 
of the universe is still in the form of hydrogen. 

However, there are a few of the cosmic rays that have 
energies as high as 10 billion of electron-volts, so that 
these fall into the range to be expected from the sudden 
and complete transformation of the whole mass of some 
of the lighter atoms into radiant energy. How these 
atom-building and atom-annihilating processes can both 
be taking place throughout the depths of space we can 
only conjecture. My own tentative hypothesis has been 
that under the exceedingly low temperatures existing in 
interstellar space there are formed aggregates or clusters 
of hydrogen atoms, just as clouds consisting of aggregates 
of water molecules are formed at ordinary temperatures 
in our atmosphere. Only at temperatures near absolute 
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zero, such as exist in interstellar space, could such con- 
densation be expected from hydrogen, the lightest of the 
elements. As a matter of fact, the modern astronomer 
thinks he has evidence for the existence of a vast amount 
of cosmic dust of some kind floating about in space. If 
\vc may assume, then, the existence of vast quantities of 
“hydrogen dust” scattered throughout the universe, it is 
then to be expected that in accord with the postulates of 
the modern quantum theory a time will come sooner or 
later when some such cluster of hydrogen atoms finds it- 
self in just the right condition to jump over the “poten- 
tial ■wall” that has thus far kept it a loose cluster of 
separate atoms of hydrogen and to clamp itself together 
into the nucleus of a helium atom, or perchance an oxygen 
atom or one of iron. This act, because of what is known 
as the “packing effect,” destroys a part of the mass exist- 
ing when the hydrogen atoms were still in the form of hy- 
drogen, and could release a ray of one of the smaller ener- 
gies listed above. 

But again, we may also assume that in rare instances 
one of these clusters, having got 'started on the road to 
ruin, instead of stopping at the stage of the partial anni- 
hilation of its mass required to produce say an atom of 
helium or of oxygen, completes the catastrophe and trans- 
forms its whole mass into radiant energy . We could thus 
account for the uniformity of distribution of both the 
hard and the soft components of the cosniic rays. 

A sliglrt modification of this hypothesis is suggested by 
Baade and Zwicky,' who instead of letting these cluster- 
ing and subsequent partial or complete annihilation proc- 
esses take place under the influence of the intense cold of 
> Uiiade iiiul Zwlcky, Froc. Nat. Acad. Sci., XX (1934)1 
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interstellar space, have assumed that the catastrophic 
processes which result in tire sudden flashing-up of tem- 
porary stars, called “novae,” may create another type 
of extreme conditions tliat facilitate these atom-building 
and atom-annihilating processes. If novae are assumed 
to be uniformly distributed throughout space the uni- 
formity of distribution of the cosmic rays would thus be 
accounted for. Still another hypothesis to account for 
uniformity of distribution is to assume that the cosmic 
rays were created in bygone ages, when the universe was 
in a different state from that existing now. All these, 
however, are only variants of the partial or complete 
atom-annihilating hypothesis, for our present knoxvledge of 
the universe reveals no other source of such enormous energies 
as are found in the cosmic rays. 

rv. THE BANDED CHARACl'ER OF THE COSMIC BAYS 

We can gain some rough notion of the relative energies 
of the various components of the cosmic rays from meas- 
uring their relative penetrating powers. The first evi- 
dence that they consist not at all of a single band or 
group of rays of one particular penetrating power, but 
rather of at least two (possibly more) such bands, came as 
a result of the 1925 measurements* on intensities as a 
function of depth beneath the surfaces of Muir and Ar- 
rowhead lakes; for the absorption coefficient of the rays 
found near the surface of Muir Lake came out 0.30 per 
meter of water, while at a depth of 50 feet it was less than 
half as much, so that it was considered that a definite 
inhomogeneity, or a “spectral” distribution of the cosmic 

'Millikan and Cameron, Pliys. Rev,, XXVIII (1926), 851; XXXII 
(tgj8), 533! XXXVII (1930), 235. 
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I’ivya hud been established. More accuratCj and more elab- 
orate, studies of this spectral distribution, were carried 
out in the summers of 1927, 1928, and 1929, the depth- 
ionixation curve being followed accurately down to a 
depth of 70 meters (235 feet) beneath the surface of Gem 
Lake (California), and cosmic rays found at that depth 
had a penetrating power fully ten times that of those 
most abundant at the surface. This meant rays capa- 
ble of penetrating more than 20 feet of lead. Indeed, 
Rcgener, repeating these under-water experiments* later 
in Europe, found traces of these most penetrating cosmic 
rays at depths as low as 230 meters. When it is remem- 
bered that the most penetrating gamma rays from radio- 
active substances which correspond to an energy of 2.6 
million electron-volts can only penetrate say 2 meters of 
water at most, it will be seen that the energies of the most 
penetrating band of cosmic rays must be exceedingly high. 
The most complete study, however, of the relative pene- 
trating powers of the different cosmic-ray bands has come 
from combining the foregoing under-water results with 
corresponding high-altitude studies made by sending au- 
tomatic recording electroscopes up to 29,000 feet in air- 
planes and up to 60,000 feet in balloons.* Figure 50 
shows the type of very senative high-pressure electroscope 
—30 atmospheres of argon— that we developed for the 
under-water and the airplane measurements. For the air- 
i)lane work, however, it was redesigned internally and 
made self-recording (p.412). Thefour most important con- 
clusions from these studies are: (i) that it is in no way 

< Rcgcner, Phys. ZeU., XXXIV ( 1933 ). 3o6- 

« Bowen and Millikan, Phys, Rev., XLIII ( 1933 ). <595, and 'Bnwen, 
Millikan, and Nehcr, ibid., XLIV <J933h 
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possible to build up the curve found in equatorial lati- 
tudes without the assumption of at least three cosmic-ray 
bands of widely different penetrating power, namely, 
about 0.5, At-*ois per meter of water, though 

four bands /i— 0.55, jLt— 0.12, jw — .03, jit — .0075 will do 
equally well; (2) that though there is no unique solution 
for such an absorption curve and though the smaller co- 



Fio. 50. — ^Tlie sensitive electroscope, filled with air to a pressure of 450 
lbs., with which the first cosmic-ray intensity curve was obtained in high- 
altitude, snow-fed lakes down to depths of 300 feet, This curve assisted 
greatly in the solution of the problem of the nature of the cosmic rays. 

efficients can be adjusted considerably, yet all possible so- 
lutions give absorption bands, or regions, bearing a rather 
close resemblance to the foregoing solution, the most not- 
able characteristic of which is that the softest component 
possesses a coefficient which is from four to seven times 
that of its nearest neighbor; (3) that the softest band, 
namely /u— 0.5, is capable of very little adjustment; that 
it takes care of the great bulk of the ionization of the at- 
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mosphere above say 14*000 feet; that it, indeed, is re- 
sponsible for more than 90 per cent of the whole ioniza- 
tion found within the atmosphere ; (4) that this softest 
component is only six to seven times more penetrating 
than the most penetrating gamma rays, those having an 
energy of 2.6 million electron-volts. This banded char- 
acter of the cosmic rays is at least consistent with the 
atom-building and atom-annihilating theory as to their 
origin. It is, however, to be remembered that the ex- 
perimental tact that one of these bands, for example the 
least penetrating one, throughout a certain range of alti- 
tudes, acts like a homogeneous beam does not necessarily 
mean that it is such. Indeed, it is quite certain that in 
temperate latitudes the shape of the depth-ionization 
curve at high altitudes, from which the coefficient of ab- 
sorption of the least penetrating band is determined, is 
due to the joint action of two quite different causes, one 
of which is tending to push down the apparent value of 
tif the other to raise it. Further facts bearing upon this 
theory will be presented in chapter xvi. 



CHAPTER XIV 


THE DIRECT MEASUREMENT OF THE ENERGY OF 

COSMIC RAYS AND THE DISCOVERY OF THE 
FREE POSITIVE ELECTRON 

Prior to the night of August 2, 1932, the fundamental 
building'Stones of the physical world had been universally 
supposed to be simply protons and negative electrons. 
Out of these two primordial entities all of the ninety-two 
elements had been formed. The proton was itself the 
positive unit of charge, or the positive electron, exactly 
like the negative unit so far as charge alone was con- 
cerned, but by its very nature different from the negative 
unit in that it was always associated with a mass 1,834 
times that of the rest-mass of the negative electron. 
Thus, we assumed an intrinsic difference between the na- 
tures of positive and negative electricity, and explained 
the fact that not only was the whole positive charge of an 
atom concentrated in its nucleus, but also practically the 
whole of its mass as well. To lit all this into the electro- 
magnetic theory of the origin of mass, most of us, in view 
of J. J. Thomson’s famous equation for the mass of a 

spherical charge, namely i»=f- (Appendix D), conceived 

the positive unit of charge as having a radius only tAt 
the radius of the negative unit, as this equation seemed to 
require, 

A cosmic-ray photograph taken in the Norman Bridge 
Laboratory on the afternoon of August 2, 1932, put a 
stop to our complacency with the foregoing picture. 

320 
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Carl D. Anderson had taken the photograph and devel- 
oped the fdm. He at once realized its importance, and, 
with Seth Neddermeyer, spent the whole night trying in 
vain to sec if there were not some way of looking at it that 
would save the old point of view. It could not be done ! 
The photograph revealed indubitably the track of a free 
positive electron having precisely the properties of the free 
negative electron, save for the sign of its charge— not at 
all the properties of the proton. The name of the protoir 
might still remain, but its character had changed, for it 
was no longer itself the ultimate positive entity. A cos- 
mic ray had apparently picked off from it the disem- 
bodied positive unit of electrical charge, the identical 
twin of the free negative electron. The way this dis- 
covery came about is as follows. 

I. THE DIRECT MEASUREMENT OR THE ENERGIES 
INVOI.VED IN COSMIC RAYS 

Up to the year 1931 no particle energies higher than 15 
million electron-volts had been measured. From the 
enormous penetrating power of the cosmic rays, as well 
as from the known energies freed in the building of the 
common elements out of hydrogen, I had estimated as 
early as 1928' that the most penetrating of the observed 
cosmic rays had an energy of as much as 500 million elec- 
tron-volts, and even if these came to the earth as photons 
they would be expected to release electrons of about this 
same energy from the atoms of the atmosphere. It was 
therefore of the utmost importance to find some way of 
directly measuring electron energies of this order of magni- 
tude, since the estimates of energies made in other ways 

* Millikan and Cameron, Phys> Rcv,y XXXII (1928), 533. 
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were most uncertain. In the summer of 1929, thcreforcj 
X)i\ Carl D. Anderson and I went at the design of a vertical 
Wilson cloud chamber — the first of this type — set in the 
midst of an exceedingly powerful and widely extended 
horizontal magnetic field. 



Fig. 51a,— The photograph of the huge electromagnet with which the 
measurement of charged-particle energies has been pushed up from about 
15 million electron-volts, the limit up to 1930, to about 6,000 million 
electron-volts. Cosmic-r«ay particles of this energy have actually I>cei\ 
found. 

Figure ski shows a photograph of the resulting cos- 
mic-ray energy-measuring device, and Figure siJ a sche- 
matic diagram of it. Two thousand amperes of current 
from a thousand-horse-power motor-generator create a 
24,000 gauss field of nearly uniform strength over a space 
measuring 17 cm.X 17 cm.X4 cm. In this apparatus the 
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electron tracks 15 cm. long permit of the measurement of 
their curvatures up to energies of as much as 6 billion 
(10'’) electron-volts, so that the highest electron energies 
that are being measured now arc 400 times the highest 
energies that were accessible to measurement up to 1931. 



Fig. sil. — Diagram of cosmic-ray magnet shown in 51a. A nearly uni- 
form magnetic field in the cylindrical chamber 17 cm. in diameter, 4 cm. 
thick, is created by n current of 2,000 amperes through the solenoids. 
The magnetic field throughout this largo volume is 24,000 gauss. 

To show strikingly how this apparatus is capable ot 
differentiating between the effects of gamma rays and 
cosmic rays, two of the first photographs taken in the 
summer of 1931 are shown in Figures 52 and 53. When 
gamma rays from ThC", maximum energy 2.6 million 
electron-volts, are passing through the expansion cham- 
ber, the electrons jerked out of the atoms of the gases in 










Fig. S 2 . — 1(2,000 gauss, A test photograph showing tracks in ah’ of 
secondary electrons ejected by g«'iiiinia rays from radium filtered thimigh 
2,5 cm, of steel. The energies of the electrons range from 2 X electron- 
volts down, 

spiral fonnof the tracks can actually be seen in Figure 52. 
From the strength of the field, here 12,000 gauss, the cur- 
vature of the path and the known mass of the electron, 
the energy can be at once calculated and it comes out for 
the largest circle in Figure 52 about 2 million electron- 
volts, as it should, Figure 53 shows a cosmic-ray track. 
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The curvature shows that the energy with which this elec- 
tro n was jerked out of its parent atom was about 8 mil- 
lion electron-volts, more than three times the energy that 
the most penetrating gamma rays from ThC" could 
furnish. 



Kio. 53. — Field sti'ongth was 12,000 gauss. Track of an 8-million*volt 
cosmic-ray ctectron which makes over i j complete revolutions in the 
chtimher, 

But the next photographs, Figures 54 and 55, show 
not only much higher energies but something much more 
important, namely, that the incoming cosmic mys have 
here encoimtered the nucleus of an alom^ and as a result of 
that encounicr thrown out from that nucleus both a positive 
and a negative particky for no other interpretation of the 
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opposite curvatures of the two tracks was possible. 
Since positives could not possibly come from extra- 
nuclear encounters, this was direct, unambiguous proof 



Fig, 54. — 17, 000 gauss. A pair of associated tracks; at the left fin 
electron of 120 million volts energy, at the right apparently a proton of 
130 million volts energy. Since protons and free electrons for a given 
velocity have equal specific ionization, then from the measurements of 
Williams and Terroux {Proc^ Roy, Sqc,^ CXXVI [1929-30], 300) on the 
ionization by ^ particles a 130’million-volt proton is expected to ionize 
about 3 times as heavily as the electron. It appears to be doing so, 

first, that the nucleus plays an important r 61 e in cosmic- 
ray absorption, and, second, that both positive and nega- 
tive particles can fly out from a nucleus when it is hit by 
a cosmic ray» The nearest approach to anything like this 
that had been observed before was found in the discovery 
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by Rutherford in 1919 that the impact of alpha particles 
upon the nuclei of most of the light atoms could knock 
protons out of them. But cosmic rays were certainly not 
alpha particles, so that here was an entirely new phe- 
nomenon. 



Fig. 55,— '1 a, 000 gauss. A negative electron of 27 million volts energy 
ami a positive of about 450 million volts energy. 

I presented these photographs in lectures in both Cam- 
bridge, England, and Paris at the Institute Poincare in 
November, 1931, and interpreted Figure 54 as showing 
that a cosmic ray had knocked out of a nucleus a proton, 
the track curving downward and to the right, and a 
negative electron, the track curving downward and to the 
left. From the curvatures the computed energy of the 
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negative electron was lao million electron-volts, of the 
proton 130 million, so that the energy of the incoming cos- 
mic ray had to be at least 250 million electron-volts, 
This particular photograph was first i^ublished on De- 
cember 18, 1931, by Science Service, along with Dr, An- 
derson’s photograph, under the title “Cosmic Rays Dis- 
rupt Atomic Hearts.” I am giving it some attention in 
this narrative partly because it brought to light the first 
direct proof of the importance of nuclear encounters in the 
interpretation of cosmic-ray phenomena, but also be- 
cause it was this photograph that actually delayed the 
discovery of the free positive electron for at least eight 
months, and that for the following reason. A proton of 
the foregoing energy should ionize the gas much more 
copiously than should a 120-million-volt electron, and 
this is just what the positive particle of Figure 54 appears 
to be doing. Hence, we had no doubt whatever that it 
was a proton. This cliecked completely with the then 
universal conception of the composition of the nucleus. 

The photograph shown in Figure 55, however, taken 
at about the same time, bothered us very much, and Dr. 
Anderson and I discussed it at great length. The posi- 
tive particle, to the right, has only a little curvature, and 
from this curvature we concluded that it was a proton of 
450 million electron-volts of energy, while the track to the 
left was computed to be an electron of 27 million electron- 
volts. Now we knew that protons of more than a billion 
(10’) electron-volts of energy would give an ionization 
along its track scarcely distinguishable from the ionization 
produced by a free electron, but at 450 million electron- 
volts the ionization due to a proton should be from to 2 
times that due to an electron of 27 million electron-volt.s. 
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and yet no trace of a difference in ionization between the 
right- and the left-hand tracks of Figure 55 was discernible. 
Wc saw no way out of this difficulty save in the assump- 
tion that in this enormously high-energy range, in which 
no one had worked before, perhaps there was something 
wrong with the theory of the way the ionization of pro- 
tons varied with energy. In the lower energy range rep- 
resented by Figure 54 everything seemed all right. Con- 
tenting ourselves temporarily, at least, with the foregoing 
excuses, though we definitely promised ourselves to come 
back to this point when time permitted and find out what 
it was that was wrong, we continued to call the particles 
that produced all our positive tracks "protons,” and it so 
happened that for some eight months we found no posi- 
tives of so large curvature as to make the foregoing ex- 
planation impossible. It is to be remembered that only 
about one-eighth of our tracks were "associated” in the 
sense of showing at least two tracks branching downward 
from a common center,' and these alone were able to be 
unquestionably identified as a positive and a negative. 
Any isolated single track of small ionizing power that 
curved rapidly to the right, and therefore ought to be a 
positive going down, might also be considered a negative 
going up, so that a crucial test of the proton hypothesis 
was at this date (fall of 1931) not so easy a matter as it 
might seem, and furthermore the idea that the proton 
was itself the fundamental unit of positive electricity was 
so deeply rooted that almost any other kind of a hy- 

* Skobclzyn, ZeiLJ, Fhysiki HV (1929)) 686 , had first called atten- 
tion to these blanching tracks. He had found no evidence; however, nor 
did he suggest, that one of them consisted of a positive. Indeed his field 
was too weak to enable him to obtain information on this point, which is 
the point that tics the phenomenon definitely to the nucieus, 
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pothesis to get out of a difliculty would at that time have 
seemed preferable to that of abandoning it. 

II. THE DISCOVERY OE THE EREE POSITIVE 
ELECTRON 

But on August 2 Dr. Anderson took the photograph 
shown in Figure 56. In the middle of the chamber is seen 
a 6 mm. lead plate that had been inserted for the very 
purpose of finding the loss in energy of the charged parti- 
cles in traversing a known thickness of lead. The curva- 
ture below the plate corresponds to an energy of 63 mil- 
lion electron-volts in a body having the rest-mass of the 
electron. The curvature above the plate corresponds to 
an energy of the same body of but 23 million electron- 
volts. Since it was quite impossible that it could have 
gained the difference in these two energies in traversing 
the lead, the direction of motion of the particle had to be 
upward, not downward." This, with the direction of cur- 
vature in the field of known direction, fixed the sign of the 
charge of the particle as positive. But not only was the 
thinness of the track precisely like that shown by negative 
electrons of this curvature, but its length above the lead 
was at least ten times greater than the possible length of a 
proton path of this curvature. It seemed to Dr. Ander- 
son, therefore, after his all-night vigil with it, that the 

* The upward motion of an electron is sometimes due to the effect of the 
magnetic iield in reversing its direction. Indeed, without a field so few 
secondary electrons move upward that Dr, ISTchcr and the author found 
110 measurable difference in the readings of an electroscope when it was 
taken up in an airplane to an altitude of 15,000 feet, first when resting on a 
light wooden frame, and second when resting on a heavy mass of lead 10 
cm, thick, in spite of the fact that lead is known to stimulate very many 
new secondaries, This shows that the great majority of all tliese sec- 
ondaries move downward in the direction of the incoming beam. 
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track simply had to be that of a free positive electron. In 
early September I had the pleasure of showing this track 
to Dr. Aston of the Cavendish Laboratory, who was on a 



Fro, 56. — A 63-million-volt positron (//p= 2.1 X los gauss-cm.) passing 
through a 6 mm. lead plate and emerging as a 23-million- volt positron 
(//p~ 7.sX Io^ gauss'cm.). The length of this latter path is at least ten 
limes greater than the possible length of a proton path of this curvature. 

visit to the Bridge Laboratory, and of assuring him that 
we should withhold publication until we had found other 
unambiguous cases. These came very soon, and in 
September’ Dr. Anderson published his discovery. 
> Anderson, Science, LXXVI (1932), 238. 
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Even then, however, and for some months thereafter, wo 
regarded the appearance of the free positive electron as a 
rare event, and kept on interpi'eting most of our high- 
energy positive tracks as due to protons. For reasons 
that will appear below, we later came to regard this view 
as entirely erroneous. Indeed, after studying thousands 
of track photographs, the only one among them all that 
we now see no way of interpreting save as the track of a 
proton is the original one shown in Figure 54, so that our 
present conclusion is that if protons, or any other sort of 
nuclei, ever appear in an ion chamber or an electroscope 
as a result of the passage of cosmic rays through the 
chamber, their number is so small as to be inappreciable 
in the tests we have made to discover them. Since 
among electrons of energies above say 100 million elec- 
tron-volts as many positive tracks appear as negatives, 
indeed a few more in the highest energy ranges (above 
3 billion volts), it is clear that approximately half of the 
ionization due to cosmic rays of energies above these 
values is due to the passage through the gas of free posi- 
tive electrons or “positrons”' released in cosmic-ray en- 
counters with the nuclei of atoms. 

^ To remove the ambiguity in the definition of the term “electron" 
existing at tlie present time because of the double sense in which It is 
used in the literature, namely, to denote on the one hand — as for example 
in the universally used expression clcctron-voUs — llw imgnilmle of the 
elementary quanlHy of eleclric char^Cj and on the other hand, the name of a 
Particle of a particular mass, the terms "negatron" and “positron" are 
here used, These terms are used merely as convenient contractions for 
the fully descriptive particle designations, “free negative electron" and 
“free positive electron." The term electron then retains its historical, 
derivative, and logical meaning as the name of the elementary unit of 
charge, and the present ambiguity no longer remains, It is pointed out 
that this suggestion is not at all in conflict with the tradition and usage 
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Between September, 1932, and March, 1933, a large 
number of confirmatory cosmic-ray photographs reveal- 
ing unambiguously the existence of positrons was taken 
and a second report was published by Dr. Anderson' in 
March, 1933, in which fifteen of these photographs were 
discussed. Figure 57 is one of the most illuminating of 
these photographs. The ti'ack at the left of the central 
group of four tracks is made by an i8-inillion-volt free 
negative electron (which from symmetry we may now 
contract to negatron’ whenever a differentiation in the 
sign of charge is the important consideration, though this 
is not often necessary), while the track at the right is that 
of a positron of an energy of about 20 million volts. This 
whole group represents tracks all of which are "associaled 
in i.e., represent ionizations necessarily occurring 

at the same instant, since they all have the same amount 

of the term electron. Even today probably nine-tenths of tlie usage has 
reference in tlie mind of the author to charge rather tiian to mass, as, 
to lake but a single example, in nil cases in which the number of electrons 
going to a given electrode is under consideration. Tlie usage we arc sug- 
gesting is merely for the sake of removing the ambiguity, the bad effects 
of which are becoming increasingly felt since the discovery of tlie ^*frce 
positive electron,^^ and since the discussion of nuclear processes has be- 
come more common. In this usage there is no difficulty in speaking of 
electrons as existing in the nucleus, since one has then in mind only the 
number of units of electric charge. 

^ Anderson, Phys, Rev^t XLIII (1933), 491. 

* The tracks in Fig. 55 arc geometrically associated, i.e., spring from 
a common center, ns well as being associated in time. In general geo- 
metrically associated tracks arc also necessarily time-associated, For 
with the infrequency with which in the fall of 1931 wc got cosmic-ray 
tracks at all— about one in thirty exposures — the chance that two curved 
tracks coming from a common center should have originated in independ- 
ent events is practically nil. This is why we felt so sure that tlie positive 
track in Fig. 54 corresponded to a proton. But during the year 1932 in our 
discussions wc adopted the term “associated in time” to describe the num- 
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of diffuseness. This diffuseness is here due to the fact 
that the expansion occurred say half a second after the 
passage of the ionizing particles, so that the ions had dif- 



Fig. 57. — A group of six particles projected from a region in the wall of 
the chamber. The track at the left of the central group of four tracks i$ a 
negation of about 18 million volts energy (Hp«6.2Xro'^ gauss-cm.) and 
that at the right a positron of about 20 million volts energy (Hp - 7.0 X 10^ 
gauss-cm.). Identification of the two tracks in the center is not possible. 
A negatron of about 15 million volts is shown at the left. This group rep- 
resents early tracks which were broadened by the diffusion of the ions. 
The uniformity of this broadening for all the tracks shows that the parti- 
cles entered the chamber at the same time. 

bers of photographs taken on which appeared tracks, like some of those 
in Fig. 57, which show identity in diffuseness without geometrical associ- 
ation. Later when we got many of these on a given photograph we used 
the term photon spray.*^ The phenomenon is what Blackett and 
Occhialini describe by the term *‘non 4 onizing links.** 


THE POSITRON 


335 


fused away from their point of origin before their motion 
was stopped by the condensation of water vapor upon 
them, This makes it possible to count accurately under a 
microscope the number of ions per cm. of path, as well as 
to measure the curvatures. These two elements taken 
together, when applied to a number of such tracks, fixed 
both the charges and the masses of the two electrons as 
the same within lo per cent and 20 per cent, respectively ‘ 
so that within these limits positrons and negatrons have 
been definitely proved to be “identical twins” with a dif- 
ference only in sign of charge. Thus far they had ap- 
peared only in cosmic-ray photographs taken at the Bridge 
Laboratory. In March, 1933, beautiful confiniiatory evi- 
dence for the existence of positrons resulting from cosmic- 
ray encounters was presented by Blackett and Occhialini' 
of the Cavendish Laboratory based on similar experi- 
ments with a vertical cloud chamber in a magnetic field 
of 3,000 gauss and actuated by the responses of Geiger- 
MUller counters. 

HI. POSITRONS UUB TO GAMMA RAYS 

At once search began for these positive tracks from 
other sources. In April, 1933, Chadwick, Blackett, and 
Occhialini,* Curie and Joliot,'* and Meitner and Phillipp* 
all reported that the bombardment of beryllium by the 
alpha rays of polonium is able to produce radiation that re- 
sults in the production of positrons, though in none of 

■ m ., xLiv (1933). 406, 

J Uliickctt and Occhialini, Proc, Roy Soc. A, CXXXIX (t033)i doti. 

J Chadwick, Blackett, and Occhialini, Nahtre. CXXXI (April i. 
1933). 473- 

■I Curio and Joliot, Compl. Rend,, CXCVI (i<)33), nog 

= Meitner and Phtlilpp, iYatwrww. XXI (t<>33) 286, 
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these experiments was it possible definitely to identify the 
nature of the radiations producing the positrons. Nev- 
ertheless, Curie and Joliot showed that the yield of posi- 
trons decreased approximately as was to be expected if 
gamma rays resulting from the alpha-ray bombardment 
of the beryllium in their turn produced the positrons, 
The first experiments proving directly, however, that a 
gamma-ray photon impinging upon a nucleus gives rise to 
positrons were made by Anderson at the Norman Bridge 
Laboratory, also in April, 1933, using the gamma rays 
frona thorium C", and reported to the National Academy 
of Sciences in Washington* on April 24, 1933. In this 
paper the fact that free electrons of both positive and 
negative sign are produced simultaneously by the impact 
of a single gamma-ray photon, an observation of consid- 
erable theoretical importance, was first presented. Fig- 
ure 58 shows one of many such cases photographed. A 
very narrow beam of photons from Th C", that was found 
experimentally to eject electrons so infrequently that the 
possibility of two such ejections occurring exactly simul- 
taneously was practically nil, comes in from above. 
Out of the 2 mm. lead sheet in the upper part of the cham- 
ber a single photon is then seen to knock two negatives and 
a positive. The latter is seen to shoot through the thin 
aluminum plate 0.5 mm. thick in the middle of the field of 
view, to lose energy in so doing, and to come out below 
with increased curvature. The curvature below the mid- 
dle plate actually corresponds to an energy of 520,000 
volts, while above the middle plate the curvature cor- 
responds to 820,000 volts, 

>Carl D, Anderson, Nal, Acad. Sci. (meeting April 34, 1033), and 
Science^ LXXVII (1933), 432. 
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Measurements of the energies of these positives pro- 
duced by the 7 rays of ThC'' have been made by Ander- 
son and Ncddcrmeyer/ Curie and Joliot,® Meitner and 



Fro. 58.-- A positron ejected from a lead plate by gamma rayiJ and 
passing through a 0.5 mm. nluminiim plate. The energy above the alu- 
minum is 820,000 volts, below 520,000 volts. 

Phillipp,^ and Chadwick, Blackett, and Occhialini.'* An- 
derson and Neddermeyer were the first to make a pro- 
longed statistical study of as many as 2,500 tracks of 
single electrons, both positive and negative, and positive- 

^ Anderson and Neddermeyer, Phys, XLIII (1933), 1034, 

3 Curie and Joliot, op, cU,y p. 1581. 

» Meitner and Philipp, Naiurwi^s.i XXIV (1933)1 4<>8. 

^ Chadwick, Blackett, and Occhialini, op, ciL 
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negative pairs ejected from plates of lead, aluminum, and 
carbon by 7 rays from ThC" filtered through 2.5 cm. of 
lead. Their purpose was to determine the frequency of 
occurrence both of pairs and of single positrons along with 
their energy-distribution for absorbing materials of differ- 
ent atomic numbers. This ejection of particles was ob- 
served from lead plates of 0.25 mm. thickness, aluminum 
plates of 0.5 mm. thickness, and a graphite plate of 1.4 
cm. thickness. For the measurement of these low ener- 
gies the magnetic field was here adjusted to 825 gauss. 

Both the single positives and the pairs (the sum of the 
energies of the positive and the negative components be- 
ing taken) ejected from the lead plate showed a maximum 
energy of 1.6 million electron-volts, though 80 per cent of 
the single positives had an energy of less than half this 
value. Similarly, in the case of the positives and the 
pairs ejected from the plates of aluminum the maximum 
energy was also 1.6 million electron-volts. 

On the other hand, the maximum energy of the single 
negatives was in all cases about 2.6 million electron-volts. 
When it is remembered that the most penetrating and the 
most intense constituent of the gamma radiation incident 
upon the lead and the aluminum from ThC" has an energy 
of but 2.62 million electron-volts, it will be seen that these 
experiments seem to say quite definitely that about a 
million volts more energy is required to get a positive 
electron out of an atom than to eject from it the least 
tightly bound (and of course extra-nuclear) negative elec- 
tron, and that, further, this difference is the same for both 
lead and aluminum. So far as experiments with lead 
alone are concerned, these results have recently been 
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checked even more accurately at the Cavendish Labora- 
tory/ 

This result is of peculiar significance if for no other 
reason than because of how it came to be obtained, which 
was as follows: 

While the discovery of the positive electron and its 
appearance under the impact of both cosmic rays and 
gamma rays was made without the guidance of any theo- 
ry whatever, as was also the discovery of the frequent 
occurrence of positive-negative pairs of tracks, like those 
of Figures 54, 55, and 58, when Blackett and Occhialini 
published in March, 1933, their check of Anderson’s dis- 
covery of the positron they first suggested an interpreta- 
tion of this phenomenon in terms of the so-called Dirac 
theory of the creation of positive-negative electron pairs 
through the impact of photons on the nuclei of atoms. 
Also, when Anderson and Neddermeyer in April, 1933, 
had proved that gamma rays, as well as cosmic rays, eject 
apparently both single positives and positive-negative 
pairs from the nuclei of both lead and aluminum, Oppen- 
heimer and Plesset^ at the Norman Bridge Laboratory set 
about working out in detail the consequences of the Dirac 
theory for the absorption of the photons of ThC'^ by the 
nuclei of atoms. It was also this theory of Dirac’s and 
Blackett and Occhialini’s use of it that first suggested to 
Anderson and Neddermeyer that the maximum energy 
associated with a positron produced by ThC" should be a 
million volts less than the energy of the incident photon, 

* Chadwick, Blackett, and Occhialini, Proc> Roy. Soc, A.^ CXLIV 

(1934), 23 S’ 

" Oppenheiiner and Plesaet, Phys. Rev., XLIV (1933), S3- 
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i.e., that it should be i.6 million electron-volts, as they 
very soon found it in fact to be. 

This million volts is obtained from Dirac’s theory and 
Einstein’s relation, E = as follows: It will be remem- 
bered that the rest-mass of the electron is about one two- 
thousandth that of a hydrogen atom which, as we have 
seen on page 314, chapter xiii, has a mass equivalent to a 
billion electron-volts, so that the energy equivalent of the 
mass of the electron is roughly a billion divided by two 
thousand, or a half-million electron-volts. Hence, to cre- 
ate a positive-negative electron pair would require an ex- 
penditure of a million electron-volts of energy and leave 
of the total 2.6 million volts contained in a quantum of 
ThC", 1.6 million to be divided between the positive and 
negative of the pair in a way which the theory had noth- 
ing to say about. 

To find experimentally this distribution was one of the 
objects of Anderson and Neddermeyer’s statistical study 
both of the numbers of single negatives, of single positives, 
and of pairs, as well as of the energies of each. Out of a 
total of 1,542 electrons ejected from the 0.25 mm. lead 
plate by the 7 rays of ThC" filtered through 2.5 cm. of 
lead, 1,387 were found to be single negatives, 96 single 
positives, and 59 pairs. From an aluminum plate 0.5 
mm. thick and ejected by the same radiation there were, 
out of a total of 943 electron tracks, 916 single negatives, 
20 single positives, and 7 pairs. Of these apparent pairs 
some may not be pairs at all since a negative going up and 
bounding back from a lower surface of the lead plate is 
indistinguishable from a pair. 

The foregoing negatives may be assumed to have aris- 
en in general from Compton and photoelectric encounters 
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with extra-nuclear electrons, and this is why their maxi- 
mum energy reached practically 2.6 million electron-volts. 
But all the single positives and probably most of the pairs 
correspond to nuclear encounters. If we assume that on 
the average an equal number of positives and negatives 
results from nuclear impacts, we can calculate the ratio 
of the nuclear to the extra-nuclear absorption. This 
amounts to about 20 per cent for lead and 5 per cent for 
aluminum—values in reasonably good agreement with 
those obtained by Chao,^ Meitner, and Gray and Tar- 
rant‘’ by entirely different methods. That the nuclear 
absorption in carbon for ThC" rays is still smaller in car- 
bon than in aluminum, as is to be expected from the above 
relations of lead and aluminum, is shown by the fact that 
as compared with 415 negatives knocked out of a carbon 
plate 1.4 cm. thick there appeared only two pairs and six 
single positives. 

On the whole, then, the energy relations of the posi- 
tives and pairs from both the aluminum and the lead ap- 
pear to be quite consistent with the pair-creation hy- 
pothesis, as are also the approximate values of the excess 
absorption in lead and aluminum as calculated by Oppen- 
heimer on this pair-creation assumption. But the fact 
that all told there are nearly twice as many single posi- 
tives as pairs, and possibly more, and in aluminum and 
carbon at least three times as many, present some difficul- 
ties to the pair theory. Further, Anderson has observed 
one case in which two negatives and two positives were all 

* Clmo, Froc, Nat. Acad. Set., XVI (1930), 431, and Phys. Rev., 
XXXVI (1930), 1519. 

=• Meitner and Hapfield, Naturwiss., XIX (1931), 775. 

3 Gray and Tarrant, Froc. Roy. Soc. A., CXXXVI (1932), 662 
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observed to originate at one point in the lead plate. The 
possibility that this can represent two pairs accidentally 
associated in time and position is so remote that the ex- 
periment may be taken as evidence that photons of energy 
even so low as those of ThC'' can occasionally give rise to 
“showers” such as are common with cosmic rays (see 
§ IV below), a phenomenon that according to Oppen- 
heimer cannot as yet be handled satisfactorily by the 
pair-formation theory. 

IV. COSMIC-RAY SHOWERS 

Whatever may be the mechanism by which gamma- 
ray photons of from two to three million volts of energy 
produce positive and negative electrons through their 
encounters with the nuclei of atoms, a study of cosmic-ray 
showers with the aid of our big magnet leaves little doubt 
that a billion-volt photon can cause to emerge one or 
many electrons, both positive and negative, from the nu- 
cleus of a heavy atom with which it collides. 

Some 88 per cent of all the tracks that we obtain when 
expansions and exposures are taken at random are the 
tracks of single electrons of energies varying from say 50 
million to 6,000 million electron-volts. The other 1 2 per 
cent are showers, a shower being defined as two or more 
associated tracks. Tracks are considered “associated” 
if they are produced by electrons that pass through the 
chamber at the same time, as indicated by the identity in 
the sharpness or in the diffuseness of the tracks they 
leave. The distribution of these tracks in both energy 
and sign of charge has been carefully studied by Ander- 
son^ with the result that between 100 million and 3,000 

*Carl D. Anderson, Phys, Rev., XLIV (1933), 41 1; also Anderson, 
Millikan, Neddermeyer, and Pickering, ibid., XLV (1934), 352. 
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million volts, positives and negatives appear in about 
equal numbers for all energies. Of the 12 per cent of as- 
sociated tracks perhaps a tenth show more than five 
tracks, but by placing a bar of lead across the middle of 
the expansion chamber the chance of bringing a “many- 
track-shower” into evidence is of course increased. 
Further, an arrangement in which two Geiger-counters 
are placed one just above and one just below the expansion 
chamber, and the circuits so adjusted that the passing of 
an electron through them both produces both the expan- 
sion and the exposure and thus forces the cosmic ray to 
take its own photograph, is one that has a marked selec- 
tive action on showers for a reason that will presently 
appear. 

The photographs shown in Figures 59-64 were taken 
with such automatic Geiger-counter controlled expan- 
sions and exposures, first used by Blackett and Occhialini. 
As will be seen from these photographs, with their legends, 
a new fact is here strikingly brought to light, namely, 
that in the absorption of the cosmic rays there are pro- 
duced in addition to electron showers in some instances 
sprays of large numbers of secondary photons of relatively 
low energies. These photons are presumably produced by 
the same mechanism that gives rise to the general X-radi- 
ation when cathode rays are shot into a target of some 
dense metal, for in this latter case we think it is the sud- 
den impact of the cathode-ray electron against the nucle- 
us of a heavy atom that generates the impulse radiation 
(bremsstrahlung) of which the general X-radiation con- 
sists. So here when the powerful incoming cosmic-ray 
is absorbed by the electrons (+ and — ) within the nucle- 
us» or, if one prefers the Dirac theory, creates electron 



344 


THE ELECTRON 


pairs by its impact with the nucleus, these electrons re- 
ceive very large kinetic energies and colliding then several 
or many times with the dense elements of the nucleus in 



Fig. 59. — 17,000 gauss field. An electron pair, positron 75 million 
electron-volts, negatron 290 million, ejected presumably from the nucleus 
of a lead atom above, the upper counter. These electrons in getting 
through or out of the nucleus presumably collided with its mass, and 
produced thereby “bremsstrahlung.” This photon spray shot down- 
ward and its absorption in the gas of the chamber, or the surface layer 
or its wall, produced the four secondaries seen between the electron tracks 
of energies in millions of electron-volts 9, 9, 4, i. 

their endeavor to get through or out of it they throw 
out from these collisions a spray of soft X-rays. Figures 
59 and 60 show, in addition to the positive and negative 
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electrons ejected by the incident cosmic ray, low-energy 
circular tracks, presumably due to the absorption in the 
gas of the chamber of these soft photons of the general 



Fig 60—17.000 gauss field. A shower presumably originating in 
the impact of a cosmic-ray photon upon the nucleus of an atom of lead 
in the bar just above the top counter. Energies in millions of electron- 
volts; positrons, 14S, 38, negatrons 104, 65, 28; sum of all 380. Again 
the presence of secondary photons is demonstrated by the tracks of low- 
energy particles at the left; their energies are: 6.7, 4, 2, o.i. 


X-ray type. Figure 61 shows more than 80 of these low- 
energy tracks. It is this spray of relatively low-enerp 
photons that sets off both counters even though the orig- 
inal cosmic-ray photon passed through neither of them. 
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This is, then, why this Geiger-counter control exerts so 
selective an action upon the appearance of “showers.” 

That pair production or shower formation by a fast 
electron (positive or negative) as distinct from a photon 



Fig. 6i. — 17,000 gauss field. More than 80 low-energy tracks. A 
stereoscopic study with the aid of the direct image (left) and the reflected 
one (right) of the orientations and directions of these tracks shows that 
in most instances their motions are nearly in the plane of the chamber 
so they could not have originated except from a considerable number of 
separate centers, hence indicating a large number of secondary low- 
energy photons (100,000 to 10 million electron-volts) presumably result- 
ing from the collision of a primary photon with a lead nucleus above the 
upper counter. It is this shower that must set off both counters, as well 
as produce the cloud-chamber effects. 

is a relatively rare event is shown by the fact that more 
than a thousand fast electrons have been observed to 
traverse a i cm. lead plate, and only in one instance has 
a definite pair (+ and -) been projected from the lead 
by such a fast electron, while a very large number of sec- 
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ondary negative electron tracks have appeared as the re- 
sult of close encounters with the extra-nuclear electrons 
within the lead. Figure 62 shows one of the rare cases in 
which a negatron (curvature to left) seems simply to 
make a nuclear hit within the lead and transfer its energy 



Fig. 62. — 17,000 gauss field. At the left an electron passes into the 
middle lead plate and either transfers its energy to a positron or else forms 
a pair, both the negatron- component of the pair and the original negatron 
being absorbed in the lead. The former interpretation seems more likely. 
The difference in energy above and below the plate is consistent with 
observed values of the specific energy loss for electrons in lead, inasmuch 
as the fluctuations are rather large. Energies: ( — ) above, 90; ( 4 -) be- 
low 26. (Specific energy loss 49X10^ e.v./cm.) 

to the positron (curvature to right) that emerges from the 
bottom of the plate. 

Because of the very powerful magnetic field we are 
using, it is possible to deflect all but a very small number 
of the electrons projected in the showers by the photon 
impacts. In general, in a shower a pronounced asymme- 
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Fig, 63. — 17,000 gauss field. The tracks in the upper part of the 
photograph, at least three of which converge to a region in front of the 
chamber, indicate the occurrence of a shower above the chamber. A 
second shower of 22 particles, 7 positives, 15 negatives, is seen to originate 
in the lead plate, the initial directions of the particles indicating that the 
photon (or photons) producing it passed through a point very close to 
the origin of the upper shower. The high-energy positron (520 million 
electron-volts) passing through both lead plates probably has its origin at 
the point above the chamber through which passed the photon which 
gave rise to the showers. There are other tracks not in line with the 
main shower, as, for example, a group of three tracks from the upper 
lead plate at the left, which we attribute to the absorption there of 
secondary photons. The two heavy white patches just above and just 
below the upper lead plate cannot be associated in time with the shower. 
Their diffuse appearance may be explained by the assumption that they 
are due to recoil nuclei released before the expansion. The total energy 
of all the tracks is about a billion volts. All this suggests that a high- 
energy photon may knock out one or many electrons from several nuclei 
which it may encounter along its path. 


try is noted in the numbers of positive as compared with 
negative electrons emerging from the lead plates, in one 
instance 7 positives and 15 negatives (Fig. 63), and in a 
second case 15 positives and 10 negatives (Fig. 64). 
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These effects are only with some difficulty reconciled with 
the Dirac theory of the creation of pairs out of the inci- 
dent photon. Rather might they indicate the existence 
of a nuclear reaction of a type in which the nucleus plays 
a more active r61e than merely that of a catalyst, as for 
example the ejection from it of positive and negative 



Fig. 64. — 17,000 gauss field. Shower of 28 electron tracks resulting 
presumably from the absorption of a very high-energy primary photon 
in the central lead bar. From one main center at the left there diverge 
1 5 positrons and 10 negatrons, while the three remaining tracks may arise 
from the photon spray. The total energy is about 2.5 X lo'^ volts, slightly 
less than that of the highest energy single tracks we have observed. 


charges which then appear in the showers as free positive 
and negative electrons. The essential difference, how- 
ever, between these two points of view may be merely 
that in one case the nucleus may change its charge, and 
in the other it does not do so. 

To study nuclear absorption in a light element more 
than four hundred successful photographs were taken in 
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whicli ;icarlH*n jilalcof 1.4 cm. tliickm^s rci>la( cd the h ai! 
plalc. Many of fhc.sc showed showers original in;; in a 
block of Ic-atl plaecHl altove the chamber, 1ml in iin in 
stance was a secondary shower observt'd in llu' tarbon 
plate. 'I'his iiulicntes, in agreement with liala obi, lined 
with'rht’", the relatively small probability in s oiiipariMin 
with lead of a carbon nucleus absorbing a phoimi by 
shower production. 

One other striking iirnl .signilieani result of the 1 
studies is that the total energy available in the iin idem 
ray seems to be able to appear as a single positive, a 
single negative, a pair, or a multiple track shower, Iml in 
general the larger the mimher of tracks between which tlu 
energy isdividcal the smaller the energy in the individual 
tracks, 'rims, we have measured both individual posi 
tives and negatives of energies above three billion elet 
tron-volts, but the sum of the energies in all file trm ks ol 
the mewt energetic shower, Figure <>4, is just umler three 
billion electron-volts. Similarly, the sum of th«’ energies 
of the many-traek .shower of Figure 63 is lietweeii one and 
two billion elect rou-voUs. 

V. POSITRONS FROM ARTtFtClAU.Y AtTIVATKlJ 
SUHSTANCK8 

From the time of its discovery by Beeciuerel in 
up to January 15, 1034, the phenomenon of nidioaetivity 
had been found to be beyond the control of man. t'rrlaiii 
kintls of atoms were discovered to Ik: sfmiUimmxly disin 
tcgraling with the emission of a, | 3 , or y rays, or of two or 
three of them simultaneously, but the rate at which theHi 
radiation-processes were going on was fixed by the nature 
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of the atom, and was independent of its physical or chem- 
ical environment. 

On the aforementioned date, however, Mme Irene 
Curie and her husband, M. F. Joliot, read a paper^ before 
the French Academy in which they showed (i) that by 
bombarding boron, magnesium, or aluminum with the 
alpha rays of polonium all of these substances could be 
rendered radioactive; (2) that the radioactive rays emit- 
ted by them consisted of positrons; (3) that the half-de- 
cay time for the positron radioactivity of aluminum was 
3 minutes, 15 seconds; of boron 14 minutes; and of mag- 
nesium 2 minutes and 30 seconds, while the average ener- 
gy of the positrons from aluminum, estimated from ab- 
sorption measurements, was about 2.2 million electron- 
volts, and that from boron and magnesium 0.7 million 
electron-volts. Curie and Joliot also predicted from 
their view of the nature of this new kind of radioactivity 
that if carbon could be bombarded by heavy hydrogen 
(hydrogen containing 2 protons per nucleus instead of i) it, 
too, would show positron radioactivity. 

Meanwhile, at the California Institute of Technology, 
Professor C. C. Lauritsen had developed as early as 1929 
his million- volt X-ray tube which, in addition to its con- 
tinuous use for four years for therapeutic purposes, had 
been modified in 1932-33 so as to adapt it to the problem 
of bombarding targets with ions of the lighter elements 
after they had fallen through million-volt fields,® and 
more. (The Lauritsen tube has actually been run con- 
tinuously at 1,200,000 volts.) With this arrangement 

* Curie and Joliot, Compt. Rend, CXCVIII (1934), 254. 

* Crane and Lauritsen, Rev. Sci. Inst.^ IV (1933), 118; also Crane, 
Lauritsen, and Soltan, Rhys. Rev.j XLIV(i933), 692 andXLV (1934), 507. 
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they found in February, 1934, that both boron and carbon 
could be endowed with positron radioactivity by bom- 
barding them with deutons (heavy hydrogen) of 0.9X 109 
electron-volts of energy. The carbon activity had a 
half-period of 10.3 minutes, the boron of about 20 min- 
utes,^ quite consistently with the well-known behavior of 
ordinary negatron or beta radioactivity. Figures 65 and 
66 are photographs of the tracks of these positive elec- 
trons taken by Anderson and Neddermeyer^ with the aid 
of our big magnet. That the rays consist of positives is 
shown by the fact that they all bend to the right in the 
“direct” image. Figure 65 was taken immediately after 
the carbon plate had been activated and placed in the up- 
per part of the cloud chamber, where it can be seen in the 
photographs. Figure 66 was taken some minutes later 
when the induced radioactivity had fallen to about a third 
of its initial intensity. These experiments confirm in a 
most satisfactory way the findings of Curie-Joliot and 
extend them somewhat in that the radioactivity is now 
produced wholly artificially, since here the bombardment 
is done not by the pre-existent and uncontrollable alpha- 
ray activity of polonium but by artificially produced ions 
of any desired kind freed in a specially designed discharge 
tube and accelerated to any desired energy by a man- 
made field. This wholly artificial radioactivity was of the 
order of a thousand times the intensity of that before ob- 
tained. This step added notably to the possibilities open 
for the study of different kinds and conditions of artifi- 
cially stimulated radioactivity. In fact, Professor Laurit- 

* Crane, Lauritsen, and Harper, Science, LXXIX (March, 1934), 
234; also Crane and Lauritsen, Phys, Rev., XLV (March 15, 1934), 430. 

^ Anderson and Neddermeyer, Phys. Rev., XLV (1934), 653. 



Fig. 65. — The carbon plate in the upper part (here right side) of the 
chamber is seen to be emitting positrons. It has been bombarded by 900,- 
ooo-electron-volt protons, then immediately placed in the cloud chamber. 


Fig. 66.— The same as Fig. 65 after the induced positron radioactivity 
has been in the chamber for some 20 minutes. 
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sen^ and his collaborators have obtained similar results 
with the use of protons and of helium nuclei used as bom- 
barders, as well as with deutons. They have also obtained 
most interesting results with a series of other targets, 
notably lithium and fluorine. Also a little later Professor 
Lawrence^ of Berkeley got similar results with his unique 
ion-accelerating device. ^ The kind of nuclear transforma- 
tions involved in the generation of this artificial radioac- 
tivity will be considered more fully in the next chapter. 

There is, however, one further very important particu- 
lar in which Professor Lauritsen^s group at the Kellogg 
Radiation Laboratory of the California Institute has 
checked and extended the work of other investigators on 
the properties of the positive electron, as follows. 

VI. THE ULTIMATE FATE OF THE POSITIVE 
ELECTRON 

From the time of the first discovery of the positive elec- 
tron in the summer of 1932 the question of what became 
of it had been the subject of prolonged discussion within 
the Norman Bridge Laboratory. According both to all 
experimental findings and all theory up to the time of its 
discovery all the positive electricity that was demanded 
to neutralize the negative electrons that swarm about the 
nucleus of every atom and by their occasional detachment 
from the outer shells of these atoms produce the phe- 
nomena of conductivity, all this neutralizing positive 
electricity was imprisoned within the nuclei of the atoms 

* Crane, Lauritsen, and Soltan, Phys. Rev., XLV (February i, 1934), 
226; Crane and Lauritsen, ibid. (March i, 1934), 344; iUd. (April i, 
1934), 493 and 497; ibid. (April 15, 1934), 5SO- 

^ Henderson, Livingston, and Lawrence, ibid. (March 15, 1934), 428. 

3 Lawrence and Livingston, ibid. (1934), 608. 
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and the total number of positive electrons there found 
was of necessity the same as the total number of extra- 
nuclear negative electrons in all neutral systems. Ander- 
son’s discovery showed that a cosmic-ray photon, possi- 
bly also a high-energy electron, colliding with a nucleus, 
could eject positive electrons out into the inter-atomic 
world which swarmed everywhere with negative elec- 
trons. That it could not live there long after its energy 
of ejection had been spent was certain, both from experi- 
ment and theory. For the former showed that these posi- 
tive electrons play no part in conduction — gaseous, elec- 
trolytic, or metallic— and hence that they do not remain 
free. Theory, on the other hand, said that free positive 
and negative electrons existing side by side would of 
necessity rush together and destroy each other unless in 
some way through the presence of the free positive elec- 
tron a new proton could be formed which by then cap- 
turing from the surroundings a new negative electron 
would give rise to a new atom of hydrogen. For in all 
nuclei, including that of hydrogen, the mutual destruc- 
tion of positive and negative electricity is avoided through 
the usual quantum conditions holding within the atom. 
But no matter how the positron disappears, the region in 
which such disappearances are taking place must be a re- 
gion from which radiant energy is emerging, forwith either 
alternative as to mode of escape, according to Einstein’s 
equation, the disappearing potential energy of two sep- 
arated attracting systems, corresponding to the w in E = 
mc\ must of necessity appear in radiant form. 

Now, before it was known that positrons were pro- 
duced by the more energetic of the gamma rays, Bowen. 
Cameron, and I had obtained and presented to the Na- 
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tional Academy of Sciences in November, 1929,^ convinc- 
ing evidence that the nucleus of the atom of lead plays an 
appreciable r 61 e in the absorption of cosmic rays, and 
very early in 1929 we asked Mr. Chao to test this point 
carefully with respect to the rays from ThC^', using a 
much narrower and more sharply defined beam than had 
before been employed, for we wished to improve the 
accuracy in the measurement of scattering, secondary 
radiation, and absorption. With this arrangement Chao^ 
first found definite evidence of nuclear absorption in addi- 
tion to Compton scattering, and he brought to light a 
secondary, as distinct from scattered, radiation of wave- 
length of 22.5 XU (0.55X10^ electron-volts). He also 
found that this radiation was emitted in about the same 
intensity in a number of directions making angles of be- 
tween 30° and 150° with the primary beam; that, further, 
this secondary radiation was stimulated at a threshold 
value of the incident photons of about 2.0 million elec- 
tron-volts. 

Meanwhile Tarrant,* who had been working at the 
Cavendish Laboratory on the absorption of ThC" rays in 
lead, published in July, 1930, evidence in agreement with 
Chao’s in suggesting nuclear absorption, and in 1932 
Gray and Tarrant^ checked most satisfactorily Chao’s 
1930 discovery of the stimulation in lead by ThC" rays 
of a secondary isotropic radiation of an energy of about 
half a million volts. Again in 1934,^ they checked both 

^ Chao, Froc, Nat. Acad. Sci.j XVI (1930), 431 and Phys. Rev., 
XXXVI (1930), 1519; also Proc. Roy Soc. A., CXXXV (1931), 206. 
Chao’s results were first presented before the National Academy of 
Sciences on April 29 (see Proc., XVI [1930], 421). 

“Tarrant, Froc. Roy Soc. A., CXXVIII (1930), 345. 

3 Gray and Tarrant, Froc. Roy Soc. A., CXXXVI (1932), 662. 

4 Gray and Tarrant, ibid., CXLIII (1934), 681. 
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themselves and Chao in the determination of the proper- 
ties of this radiation, though they do not succeed in fixing 
its energy with a certainty greater than perhaps 25 per 
cent. They think they find also a weaker isotropic radia- 
tion of an energy of a million volts, but Lauritsen and 
Oppenheimer' in a critical analysis of all the already ex- 
tensive work in this field reach the conclusion that the 
addition of Chao’s isotropic half-million-volt radiation to 
the various types of scattered rays to be expected is suffi- 
cient to account for all the facts thus far observed. 

This half-million- volt isotropic radiation thus brought 
to light by Chao is obviously just what is to be expected 
if the positrons which are produced by the absorption of 
the 2. 6-million- volt rays of ThC" in lead, etc., are ulti- 
mately destroyed through combining with negatives, for 
though such mutual annihilation of two electrons should 
release a million volts of radiant energy the Newtonian 
momentum law cannot be satisfied unless two half -million- 
volt photons go off in opposite directions from the scene 
of the catastrophe. 

This annihilation hypothesis as to the fate of the posi- 
tive electrons has then the advantage over its only possi- 
ble rival, namely, the hypothesis that the positron’s end is 
the formation by some sort of mechanism of a new proton 
in that the energy released by such formation would in 
this latter case have to be arbitrarily assumed to be about 
half a million volts, whereas the annihilation hypothesis 
predicts the value actually found. The greatest weakness 
in the position of this hypothesis so far lies in the fact that 
none of the observers using the foregoing method have 

* Lauritsen and Oppenheimer, Phys, Rev.^ XL VI (1934)* 
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been able to determine with sufficient accuracy the energy 
of the photons resulting from the annihilation. 

The discovery of artificial radioactivity by Curie- 
Joliot assisted, however, in obtaining greater precision, 
since this made it possible to obtain a pure positron 
source of large intensity. But just prior to this discovery 
Thibaud’^ and Joliot^ presented, independently, papers in 
the same issue of the Comptes Rendus (December i8, 1933) 
in which they both had separated by means of a suitably 
arranged magnetic field the positrons from the negatrons 
when both were produced by the bombardment of alu- 
minum by the alpha rays of polonium. When the mag- 
netic field was thrown on in one direction the positives 
were caused to fall upon a thin sheet of platinum (Thi- 
baud) or lead or aluminum (Joliot), and when the field 
was thrown on in the other direction it was only negatives 
that fell on the thin sheet. From the region of the posi- 
tives there emerged gamma rays of much greater inten- 
sity than when the field was reversed, and the energy of 
these gamma rays was found, by interposing absorbing 
sheets, to correspond to about half a million volts. This 
constitutes a step somewhat in advance of that taken by 
Chao and Gray and Tarrant, since the positron beam 
that creates the gamma rays is completely under control 
and directing it upon a given spot causes the gamma rays 
to emerge from that spot. 

The next step was taken by Lauritsen and Crane, who 
with their powerful million-volt tube produced in plates 
of boron, carbon, aluminum, etc., wholly artificial posi- 
tron radioactivity of a thousand times the intensity of 
that theretofore available. Ordinary electroscopes, in- 

' J, Thibaud, Compt. Rend., CXCVII (1933), 1629. 

^ F. Joliot, ibid., p. 1622. 
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stead of Geiger-Muller counters, could be used for its 
measurement. For example, one experiment was as fol- 
lows: Dr. Lauritsen activated strongly a small plate of 
carbon, placed it activated side up on the top plate of an 
electroscope which was too thick to let any of the posi- 
trons through, and observed the rate of discharge of the 
electroscope due to the gamma rays produced by the dis- 
appearance of the positrons that shot downward from the 
activated layer of carbon. Then he simply laid a piece o! 
aluminum on top of the activated carbon. At once the 
electroscope practically doubled its rate of discharge, for 
the half of the positrons that shot upward had now all to 
disappear in the aluminum, where they could throw their 
annihilation gamma rays into the electroscope, while 
prior to the time the aluminum plate was placed upon the 
activated carbon they had shot off to the walls of the 
room whence practically none of their progeny of annihi- 
lation-rays could get back to the electroscope. This con- 
stitutes a very simple and direct way of showing that 
these gamma rays are indeed generated by the disappear- 
ance of the positrons. 

Lauritsen’s and Crane’s measurement of the absorp- 
tion coefficient^ of these rays agreed with the theoretical 
value to within some 4 or 5 per cent — a very considerable 
improvement in accuracy — so that it now seems to be 
fairly well established experimentally that the positive 
electron lives outside the nucleus only until it has lost the 
bulk of the kinetic energy that has been imparted to it — 
this will perhaps be of the order of 5X 10"“^® seconds— when 
it disappears somewhere, probably by committing suicide 
with the first negative that comes near it. 

* Crane and Lauritsen, Phys. Rev.. XLV (1Q34), 430. 
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THE NEUTRON AND THE TRANSMUTATION 
OF THE ELEMENTS 

I. EARLY EVIDENCES OE TRANSMUTATION 
The first suggestion, after the days of alchemy, of the 
transmutability of the elements came with the appear- 
ance in 1815 of Front’s hypothesis; for if, as Prout sup- 
posed, all atoms had weights that were exact multiples of 
the weight of the atom of hydrogen it is at once to be in- 
ferred that they have been built up at one time or another 
out of hydrogen, and this of course means that they are 
ideally transmutable. But for three-quarters of a cen- 
tury nothing further happened to suggest that atomic 
transformations ever actually take place. 

Then in 1896 came the discovery of radioactivity. It 
was this discovery that definitely destroyed the idea of 
the independence and permanence of the elements. But 
while through this radioactive process a few of the ele- 
ments were universally recognized to be spontaneously 
transforming themselves into other elements, no definite 
evidence appeared until 1919 that atomic transforma- 
tions could be in any way controlled by man. In that 
year Rutherford,* by bombarding nitrogen with swift a 
particles, definitely proved that protons, or hydrogen nu- 
clei, were in some instances knocked out of the atoms of 
nitrogen by this bombardment. Also the fact that this 
proton shot out sometimes in a forward direction, some- 

* Rutherford, Nature, CIII (1919), 415; Phil Mag,, XXXVII (1919), 
S37, 57L S8i. 
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times a backward one, and with an energy that enabled it 
to make a cloud-chamber track more than 50 cm. long — 
greater than could possibly be due to energy immediately 
transferred to it from the a particle — ^meant that some 
kind of change capable of supplying energy had taken 
place in the nucleus. The inference was that the a parti- 
cle had been captured by the nucleus, thus forming out of 
nitrogen (N'*') a rare isotope of oxygen (0*^), though no 
definite proof of this could be brought forward. But in 
any case the production of an atom of hydrogen through 
the bombardment of nitrogen by a rays was an unques- 
tioned fact. Here, then, was man-controlled transmuta- 
tion, though natural radioactive substances were needed 
to bring it about. 

By 1930 this type of semi-artificial transmutation of 
elements had been studied with a good deal of care,' and 
it had been shown that all the elements from boron to po- 
tassium, save only carbon and oxygen, can be disinte- 
grated by such bombardment with a particles. The re- 
sult of the disintegration was in every case the emission 
of a hydrogen nucleus or proton. The second step in 
artificial disintegration came in 1930 with the discovery 
of Bothe and Becker, treated at length in the next section, 
of a new, highly penetrating radiation excited in berylli- 
um by bombarding it with alpha rays from polonium. 
Bothe could see no source of such energy as seemed to be 
required for such penetration without the assumption of a 
nuclear transformation within the beryllium atom that 
would release the requisite energy in accordance with the 
Einstein equation. 

« See Rutherford, Chadwick, and Ellis, Radiations from Radioactive 

Substances ) 1930, chap. x. 
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The next step in artificial nuclear disintegration came 
when jin the fall of 1931 at the Norman Bridge Laboratory, 
we got the definite proof already presented in chapter xiv 
that the tracks of both positive and negative particles 
appeared on our photographic plates as a result of a cos- 
mic-ray photon encounter with the nucleus of a heavy 
atom. But like all our predecessors we could only con- 
jecture what sort of nuclear changes had been occasioned 
by this kind of bombardment. 

All three of the foregoing types of atomic changes are 
semi-artificial in the sense that all that man does is to 
place substances in the way of projectiles which nature 
has herself provided, namely, alpha rays of naturally 
radioactive substances, and cosmic-ray photons. But 
men were at work in many laboratories trying to find 
ways of producing artificial projectiles of high enough 
energy to disrupt atomic nuclei. The first successful de- 
vice of this kind was built at the California Institute of 
Technology by Professors C. C. Lanritsen and R. D. Ben- 
nett.’^ In 1928 they succeeded in building and continu- 
ously operating a giant X-ray tube in which streams of 
either electrons or positive ions could be accelerated up to 
potentials of 750,000 volts; and four years later, 1932, 
Professor Lauritsen was able to report to the Physical So- 
ciety that he had been able to run a modification of this 
tube continuously at 1,200,000 volts. These Lauritsen 
tubes, which have now been introduced into the regular 
equipment of quite a number of hospitals, made it possi- 
ble for the first time to produce wholly artificially rays of 
essentially the same quality as the gamma rays of radi- 

^ Lauritsen and R. D. Bennett, Phys, Rev.j XXXII (1928), 850; 
Lauritsen and Cassen, ibid.^ XXXVI (1930), q88. 
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um, but in an intensity that could not be equaled by loc 
grams (or at current prices seven million dollars’ worth) 
of radium. 

Mr. W. K. Kellogg of Battle Creek, Michigan, and 
Mrs. Seeley W. Mudd of Los Angeles at once provided 
funds for carrying out a five-year experimental program 
designed for the purpose of developing the technique of 
the proper therapeutic use of these powerful artificial 
gamma rays primarily in the treatment of cancer, and al- 
though Dr. Lauritsen and his associates have for four 
years been daily occupied with this humanitarian pro- 
gram — a program which prevents the use of this particu- 
lar tube for the production of an artificial beam of atomic 
projectiles — they have yet found time to build a second 
similar tube for this specific purpose (Fig. 67) and in the 
summer of 1933* succeeded in producing with it a wholly 
artificial a ray beam of greatly increased intensity, which 
in its turn produced atomic transmutations of precisely 
the sort that Irene Curie and F. Joliot, as well as Chad- 
wick, had previously produced with the a rays from radio- 
active substances (see § II below). 

Simultaneously and quite independently Professor 
E. 0 . Lawrence^ at Berkeley had been developing a most 
ingenious ion-accelerating device with which he and his 
colleagues have reached ion-bombarding energies as high 
as two million volts, though their currents are as yet very 
much smaller than Lauritsen’s. Also Tuve^ of the Car- 
negie Institution of Washington and Van de Graaff of the 

Crane, Lauritsen, and Soltan, ibid.^ XLIV (1933), 314; also XL\ 
(1934), 507- 

“Lawrence, Livingston, and Lewis, ibid,^ XLIV (1933), 35. 

’ M. A, Tuve, Journal of the Franklin Institute j CCXVI (July, 1933), i. 





Fig. 6 'ja . — Part-sectional 
view of the lower end of the 
tube, showing the lead shielding 
and the position of the electro- 
scope with respect to the target. 


A million-volt (root-mean-square 
value) cascade transformer is used as 
the source of high potential. The top 
ot the upper tube is connected, through 
a suitable protective resistance, to the 
high potential end of the transformer 
set, and the midpoint between the 
two tubes IS connected to the half-po- 
wntial point of the transformer set. 
■the apparatus therefore operates as 
two separate tubes, each giving the 
ions half their total acceleration. 

• 4.-L source of the ions is located 
m the end of the inner electrode of the 
upper tube. A metal ring in the shape 
of a doughnut, 3 in. (7.5 cm) in diam- 
eter and having a 1 in. (2.5 cm) hole is 
supported from the bottom plate of the 
upper tube, about s in. (12.5 cm) from 
the end of the electrode. This modiliea 
the held in a way that is favorable to 
concentration of the ion beam. From 
here the ions pass down the hollow cen- 
u electrode, and receive the second 
naif of their acceleration in the gap of 
the lower tube. The target consists of 
a 2 m. (s cm) brass disk mounted on a 
shaft, so that either side can be ex- 
Posed to the ion beam. One side of 
the disk IS covered with the material to 
be disintegrated, and the other side is 
covered with some material which 
gives no effect, such as brass or alumi- 
num, for the purpose of comparison. 
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Massachusetts Institute of Technology had joined in the 
race of producing artificially very high-energy ionic pro- 
jectiles. But before any of them had got their outfits 
into practical working order, Cockroft and Walton* of 
Cambridge, England, discovered that certain types of 
atomic disintegrations could be produced wholly arti- 
ficially with the use of comparatively small accelerating 
voltages — those of the order of 100,000 volts. The pres- 
ent explanation of this important phenomenon is as fol- 
lows. 

Before the advent of the wave mechanics it had been 
thought quite impossible that a proton could force its way 
into the nucleus of an atom like lithium against the field 
created by the three positive charges on that nucleus un- 
less it were endowed with an energy of more than a mil- 
lion electron-volts. According to the principles of the 
wave mechanics, however, there is a certain probahility 
that it can “leak through” the potential barrier about the 
nucleus in quite the same way in which electrons leak 
through the potential barrier at the surface of the metal 
in Oppenheimer’s wave mechanical interpretation (see 
p. 261) of the phenomena of cold emission. At any rate, 
the experimental fact now is that protons, or hydrogen 
ions, endowed with energies of as low as 30,000 electron- 
volts do sometimes get into the nucleus of the atom of 
lithium and produce the following transformation first 
discovered by Cockroft and Walton. 

The hydrogen nucleus H' forces itself into the lithium 
nucleus Li’ and the resulting nucleus then breaks up into 
two a particles which are ejected in opposite directions as 
they must be to satisfy the momentum equations. 

’ Cockroft and Walton, Proc. Hoy. Soc. A., CXXXVII (1932), 229. 
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F. Kirchner, SUz. Ber. Bayerischen AMwis. Sitz., MS.rz 4 , 1933 , 
“ and Walton, Proc. Roy. Soc., CXLI (1933), 733. 




Fig. 6().-™-(r). •“Disintegration of lithium by ions of the heavy isotoi)e of 
hydrogen, showing tlie emission of two particles (uif Oi) in opposite direct ions 
passing out of the expansion chamber and with ranges therefore greater than 
10 cm. (LiH"n='->2ne'‘). The thin long track (b) is probably a fast proton. 

(2 ) —This photograph shows the type of disintegration d(;scril)ed al )ov(‘,^ ( i ) , 
and also a disintegration with the emission of a pair of opposite «.4 cm. partich's 
{bx, bd, probably due to the presence of protons in the positive ion l)eam. 

CO. ““This shows several casc.s of particles with range greater than 10 cm. 
lying in oi)posite directions. There are also particles with different ranges less 
than 8 cm. ending in the chamber. (Photographs by Dee and Walton.) 
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Here was then a case of the completely artificial trans- 
mutation of lithium into helium; and further, the syn- 
thesis of atoms was a part of the process, too, since the 
proton had to be incorporated into one of the resultant 
atoms of helium. Following Cockroft and Walton, Lewis 
Livingston and Lawrence obtained evidence for the disin- 
tegration of many more elements by means of artificially 
accelerated deutons(H^) and Crane, Lauritsen, and Soltan 
first succeeded in producing by means of artificially accel- 
erated ions (aHe^ and iff) transformations yielding ^^neu- 
trons/’ But in order to follow further the history of ar- 
tificial transmutation it is necessary to tell the story of 
how this new body, the neutron, comes into the picture. 

II. THE DISCOVERY OE THE NEUTRON 

The first step that led up to the discovery of the neu- 
tron was taken when Bothe and Becker’^ at Giesen, Ger- 
many, found that if certain light elements, notably beryl- 
lium, and in lesser degree boron and lithium, are exposed 
to the bombardment of the alpha rays of polonium they 
emit rays of several times the penetrating power of the 
most energetic gamma rays from known radioactive sub- 
stances, namely those of ThC" (2.62 million electron- 
volts). They used the responses of Geiger counters to 
detect these rays and to estimate the value of their pene- 
trating power. They interpreted their experiments as 
bringing to light gamma rays of an energy of as much as 
14 million electron-volts, and to account for so high an 
energy they assumed that the alpha particle was captured 
by the nucleus of the bombarded atom of beryllium and 

' Bothe and Becker, Zeit. f. Physik, LXVl (1930), 289, and Natur- 
wiss., XrX (1931), 753. 



THE NEUTRON 


369 


that the energy released in the radiant form came from 
the known excess in the mass of Be’+He'' over that of the 
atom (C‘0 assumed to be formed by their union, i.e., they 
adopted the atom-building hypothesis and used the Ein- 
stein equation E = mc‘ (see p. 3 13) to supply the necessary 
energy. 

The second important step was taken by Irene Curie 
and her husband, F. Joliot,’^ in Paris, who, in repeating 
these experiments used ionization chambers for measuring 
the radiation and found that when they interposed in the 
path of the rays to this chamber sheets of carbon, 
aluminum, copper, silver, and lead, the ionization cur- 
rents in the electroscope were practically unaffected, but 
that when they interposed a sheet of paraf&n, the current 
was doubled. Similar, though smaller, increases were ob- 
served when water, cellophane, or other substances con- 
taining hydrogen were used in place of the paraffin. 
Curie-Joliot then showed that this increased current was 
due to the fact that Bothe’s rays in passing through hy- 
drogen compounds knocked out of them protons (hydro- 
gen nuclei). They measured the length of these hydro- 
gen tracks in a cloud chamber and concluded that these 
protons had received energies as high as 4.5 million elec- 
tron-volts. They also presented convincing evidence 
that Bothe’s rays could impart kinetic energies to the nu- 
clei of helium and carbon, as well as hydrogen, and 
thought they had shown by these experiments that elec- 
tromagnetic rays of high frequency are capable of impart- 
ing high kinetic energies to the nuclei of hydrogen and 
other light atoms. 

« Curie-Joliot, Compt. Rend., CXCIV (1932) (January 18), 273; 
(February 22), 708. 
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But such a transfer of momentum and energy from a 
photon of the energy in question to a proton or other nu- 
cleus is impossible without a violation of the laws of mo- 
mentum and energy that have been found to hold every- 
where thus far, even in encounters between photons and 
electrons (Compton effect). 

It was Chadwick,^ of Cambridge, England, who re- 
solved the difficulty by showing not only that the princi- 
ple of the conservation of momentum could be retained, 
but that the momenta all came out consistently for the 
different kinds of nuclei to which both his own and Curie- 
Joliot’s experiments showed that motion was imparted by 
the Bo the rays if a non-ionizing particle of the mass of a 
proton were the bombarding agent. In a word, he brought 
forward convincing evidence that when the alpha parti- 
cles from polonium bombard atoms of beryllium, boron, 
etc., they knock out of the nuclei of these atoms particles 
of about the mass of the proton but devoid of charge and 
hence properly called neutrons. It is these neutrons then, 
that because of their lack of charge have a very high pene- 
trating power, and that also because of their mass are able 
to transfer their energy and momentum to the hydrogen 
nuclei that Curie-Joliot found shooting through their 
cloud chamber (see Fig. 70) when they interposed hydro- 
gen-bearing substances between it and the beryllium- 
polonium combination. Chadwick assumed that the 
capture of the alpha particle by the nucleus of the atom 
of beryllium must release ‘‘a neutron'’ through the fol- 
lowing reaction, the atomic numbers of the elements be- 

*J. Chadwick, Nature, CXXIX (1934), 312; Proc. Royal^ Soc. A., 
CXXXVI (1932), 692; ibid., CXLII (1933), I. 




(a) A neutron entering the 

chamber from below traverses a (b) The chamber is here filled with helium, 

plate of paraffin extending across A neutron entering from below collides with 
the lower part and ejects from it a a He nucleus four times its own mass and 
proton (HO which shoots clear can only impart to it a range of about s mm. 
across the chamber. 



(c) The neutron here causes the transmutation of a nitrogen nucleus which it 
enters and by so doing occasions the ejection of an a particle while the heavy short 
trajectory reveals the recoil of the remainder of the nucleus. The pressure was here 
low and the magnification large. 

Fig. 70.—- Photographs of the effects of the collision of neutrons with the atoms 
of hydrogen (a), helium ( 5 ), and nitrogen (c) (after Curie- Joliot). 
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ing written as preceding subscripts, the atomic weights as 
superscripts: 

Chadwick’s first suggestion of the “Possible Existence 
of a Neutron” was published in a brief note to Nature on 
February 19, 1932. His elaboration of his views with the 
supporting evidence appeared in the June i issue of the 
Proceedings of the Royal Society three months before An- 
derson’s announcement of the existence of the positive 
electron. 

Chadwick advanced the view that the neutron consists 
of a proton and a negative electron in close combination. 
This view required no fundamental change in the usual 
conception of the nucleus as a number of protons equal to 
the atomic weight held together by a number of negative 
electrons equal to the atomic weight minus the atomic 
number. The new view merely went a bit farther in 
specifying the locations within the nucleus of these two 
familiar constituents. Thus on this view all the negative 
electrons within the nucleus simply became closely at- 
tached to protons, thus making as many neutrons as 
there were negative electrons, and the excess protons then 
provided the free positive charge on the nucleus, or, the 
atomic number. 

This view required that the mass of the neutron be 
precisely that of the hydrogen atom, namely 1.00777 less 
the change in the binding energy of the negative electron 
to the proton that has taken place because of the transfer 
of the electron from the innermost hydrogen orbit to the 
extremely close association that it is assumed to have with 
the proton in the neutron. By applying the Einstein 
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equation to the transformation involved in the capture of 
an a particle of known energy by the nucleus of an atom 
of boron, and the emission of a neutron of measured ener- 
gy, Chadwick obtained an experimental determination of 
the mass of the neutron as 1.0067 and hence concluded 
that the binding energy of the proton and negative elec- 
tron was 0.001 atomic weight units or about a million 
electron-volts. 

Chadwick’s reasoning in arriving at the foregoing im- 
portant conclusion as to the mass of the neutron was as 
follows. He assumed that when alpha particles, i.e., nu- 
clei of helium, bombard boron and in the process unite 
with the nucleus of the boron atom of atomic weight ii, 
atomic number 5 (sB“) they form thus an atom of nitro- 
gen (7N"'') and throw out the observed neutron the 
equation of transformation being 

sB"-|-.He''-»vN^‘'-fon' . 

The kinetic energy with which the neutron was eject- 
ed was obtained by letting these neutrons pass through 
paraffin and measuring the maximum range communi- 
cated to the protons that were found to emerge from the 
paraffin. This was found to be 16 cm. in air, a range that 
corresponds, according to a carefully worked out empiri- 
cal curve, to a velocity of 2.5X 10* cm. per second. But, 
since the mass of the neutron is practically the same as 
that of the proton ejected by it from the paraffin, in the 
most favorable case the whole momentum of the colliding 
body is transferred to the struck body so that the forego- 
ing number is the maximum velocity of the neutron liber- 
ated from boron by an a particle of polonium, the velocity 
of which is known to be i-SQX 10* cm. per second. Again 
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assuming that the momentum is conserved in the inelastic 
collision of the a particle with the to form we can 
at once calculate the velocity communicated to the 
nucleus and we then know the masses and the kinetic 
energies of all the particles concerned in the nitrogen- 
building process and can at once insert the numerical 
values of all the masses and all the kinetic energies in- 
volved in the Einstein equation, namely, mass of B^^+ 
mass of He^+Kin. En. of He^ = mass of N'^^q-mass of 
n^+Kin. En. of N*^+Kin. En. of nL 

The masses, according to Aston, are B” = 11.00825 + 
.0016, He^= 4.00106 +0.0006, — 14 0042 ±0.0028 and 

the above kinetic energies reduced to mass units^ by 
E — mc^ are for the a particle 0.00565; for the neutron 
0.0035; for the nitrogen nucleus 0.00061. From 
these figures the mass of the neutron comes out 1.0067. 
The errors quoted for the mass measurements are those 
given by Aston. Chadwick thinks that making adequate 
allowance for all the errors in the foregoing the mass of 
the neutron cannot be less than 1.003 ^That it prob- 
ably lies between 1.005 1.008.” 

In order that the reader may have the data with the 
aid of which all such computations are made there is 
listed herewith the masses of thirteen of the lighter 
atoms as determined with much precision by Aston and 
Bainbridge in their mass spectrographs, the mass of the 
0 ^^ atom being taken as exactly 16. The figures given 
represent the masses of the neutral atom with all the 

* If we desire to express m in grams and E in electron-volts, then E = 
mC ^ (2.9979X10*°)^ , ^ lx j 

e. elm i.ysyoXio’Xio? 

hydrogen atom= 1.0078 X 1835 X 512,000 = 946,000,000 electron-volts. 
This gives .001 atomic weight units =939,000 electron-volts. 
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extra-nuclear electrons in place. To obtain the masses of 
the nuclei alone one must subtract the product of the 
number of extra-nuclear electrons by 0.00055, which is 
the rest-mass of a single electron. The listed uncertain- 
ties are ^'probable errors,” which are only about one-third 
of the maximum uncertainties quoted above from Aston. 


W 1 ,007 7 7 5 ± .00003 5 

2.01363 ±.00008 
He^ 4.00216+ .00013 

Li^* 6.0145 + .0003 

Li^ 7.0146 +.0006 

Be^ 9.0155 + .0006 

10.0135 + .0005 
B“ 11.0110 + .0005 


1 2. 003 6 +.0004 
14.008 ±.001 
16.0000 (standard) 
19.000+.002 
19.9967 + .0009 
2 1 .99473 + .00088 
34.9796+ .0012 
36.9777+ .0019 


in. THE NATURE OE THE NEUTRON 

The foregoing mass is about what is to be expected if 
the neutron consists of a closely bound proton and a nega- 
tive electron the sum of the masses of which in the hydro- 
gen atom is 1.0078, thus leaving a binding energy, or a 
mass defect, of about 0,001 or roughly a million electron- 
volts due to the much closer association, or approach, of 
the two charges in the neutron than in the hydrogen 
atom. Up to this point, then, everything fitted nicely 
into the old conception of a universe made up of the two 
fundamental primordial entities— negative electrons and 
protons, neutrons representing merely a closer union of 
the two than there had been any particular reason for 
postulating before Chadwick’s discovery of the neutron. 

All this simplicity vanished with Anderson’s discovery 
of the existence of the free positive electron, which showed 
that the positive unit charge could exist entirely detached' 
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from the mass of the proton. This made it necessary to pos- 
tulate the existence of at least three fundamental entities 
to account for all the phenomena that had before been 
taken care of by the assumption of the two fundamental 
entities, negative electrons and protons. The three now 
required were (i) positive electrons, negative electrons, 
and protons, or else (2) positive electrons, negative elec- 
trons, and neutrons. In this last conception the proton 
loses its rank as a fundamental entity, being now regarded 
merely the combination of a neutron and a positive elec- 
tron, while the neutron rises to the rank of one of the in- 
dependent fundamental building-stones of the universe. 
The whole conception of the electromagnetic origin of 
mass as such would then be abandoned. If one does not 
wish to give this up he can retain it by taking the first 
alternative and making the positive electron, the negative 
electron, and the proton the three fundamental entities. 
He may then assume further, if he so wishes, that the 
fundamental unit of positive electricity can exist both in 
the proton form and the free positive electron form and 
then, in order to get into consistency with the Einstein 
equation, he may also assume that under suitable condi- 
tions the proton can blow itself up into the free positive 
electron, for instance by expanding its radius about 2,000 
times. By such an artifice one might be able to retain 
the conception of the electromagnetic origin of mass and 
with it Chadwick^s conception of the neutron as a mere 
combination of a proton and a negative electron. 

It is conceivable that experiment may lead to a choice 
between these two h3q)otheses. Thus, if the act of the 
transformation of a proton into a positive electron ever 
takes place, then according to Einstein^s equation radiant 
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energy of a total value of a billion volts must escape from 
the scene of the explosion ; for from the energy standpoint 
this is practically the same as the annihilation of an atom 
of hydrogen. By analogy with the event of the mutual 
annihilation of a positive and negative electron with the 
emission in opposite directions of two half-million-volt 
photons this transformation of a proton into a positron 
might be expected to produce two half-billion- volt pho- 
tons. 

Events of this sort are apparently not taking place on 
the earth or in the atmospheres of the stars, since the cos- 
mic rays of this order of energy are actually not found to 
come from these sources. As already indicated, however, 
such annihilation processes are needed somewhere in the 
universe in order to account for the observed existence and 
energies of the cosmic rays. Indeed, it is not impossible 
that 500-million-volt photons do actually constitute the 
strongest component of the cosmic rays, though this is 
somewhat higher than my estimate in the last chapter of 
the energy of the least-penetrating photon beam. How- 
ever, if this should be proved to be the case it would mere- 
ly be evidence in favor of the annihilation of hydrogen 
atoms throughout the heavens, and would not decisively 
differentiate between the relative claims of the neutron 
and proton as primordial entities, though the retention of 
the electromagnetic theory of the origin of mass is a point 
in favor of the proton. 

There is another line of experimental approach that 
already has yielded a bit of evidence and bids fair to 
yield still more. Chadwick’s detennination of the mass 
of the neutron placed it, according to his estimate, be- 
tween the limits 1.003 1.008. Now, we know that 
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the mass of the hydrogen atom in atomic weight units is 
1.00777+. 00002; that of the electron 1/1,835 niuch or 
0.00055 units. This makes the mass of the proton 
alone quite definitely 1.00722, for the binding energy of 
the electron to the proton in the hydrogen atom is negli- 
gible — only about 14 volts. If, then, the neutron is a fun- 
damental thing to which a positive electron of mass 
0.00055 becomes attached to form a proton, then its mass, 

must be given by M+0.00055 — binding energy — 
1.00722 or 

M = 1. 0067 -f binding energy. 

This equation says, then, that if the neutron is a primor- 
dial thing and the proton a complex thing, the neutron 
mass cannot possibly be lower than 1.0067, 
as much larger than 1.0067 as you please, the difference, 
whatever it is, determining the binding energy, which the 
apparent stability of the neutron indicates should be 
high. Any experimental neutron mass lower than, or 
even close to, 1.0067 speaks in favor of the froton as a 
primordial thing. 

On the other hand, if the neutron is a proton and a 
negative electron in close association, then the mass of 
this neutron system can be anything you please less than 
(1.00722 -f .00055) = 1.0078, the difference, whatever it is, 
in this case representing the binding energy. In other 
words, for this case 

M == 1.0078— binding energy. 

Any experimental neutron-mass higher than, or even 
close to, 1.0078 speaks in favor of the neutron as a primor- 
dial thing. If Chadwick’s actual measurement of the 
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mass of the neutron (viz., 1.0067) were accurate to one 
part in a thousand, then on the hypothesis of a primordial 
neutron there would be nothing left to serve as the bind- 
ing energy of the positive electron to the neutron, whereas 
if the neutron is a closely coupled proton and a negative 
electron then, as Chadwick pointed out above, there 
would be about a million volts left to serve as the binding 
energy of the negative electron to the proton. This looks 
like evidence in favor of the proton as a fundamental en- 
tity. 

But this evidence must not be taken too seriously for 
the reason that Chadwick's accuracy is not at all ade- 
quate for the definite drawing of the foregoing conclusion, 
as the following work of Lauritsen and Crane makes clear. 

IV. LAURITSEN AND CRANE'S WORK ON THE GAMMA 
RAYS EMITTED IN THE PROCESS OF ARTIFICIAL 
TRANSMUTATION 

In setting up the foregoing equation Chadwick tacitly 
assumed that the capture of an alpha ray by boron and the 
ejection of a neutron in accordance with the foregoing reac- 
tion and computation was an operation in which no ener- 
gy was lost through the emission of a gamma ray. But in 
the case of the bombardment both of beryllium and boron 
by a rays Bothe and Becker^ and Rasetti'^ as well as 
Curie-Joliot‘^ had proved that weak gamma rays, as well 
as neutrons, are actually given off. To measure the ener- 
gy of these very weak but very penetrating gamma rays 
Bothe and Becker adopted the following most ingenious 
technique. They set up two Geiger counters so that the 

Bothe and Becker, Zeit.f. Physihy LXXVI (1932), 421. 

n^asetti, m,, LXXVIII (1932), 165, 

3 Curie-Joliot, Jour. d. Phys. et k Radium, IV (1933), 21. 
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electrons ejected from matter placed in the path of thes< 
gamma rays could produce audible responses at an ob 
served rate by their successive passage through botl 
counters. Then they interposed increasing thicknesses 
of aluminum, or other substances, between the twc 
counters until the responses ceased — a condition reachec 
when the ejected electrons had just insufficient energy tc 
traverse the intervening sheets of matter. From this 
thickness they estimated that the gamma rays produced 
when boron is bombarded by a rays have an energy oi 
about 3 million electron-volts, while when beryllium re- 
places the boron the gamma rays now produced have an 
energy of about 5 million electron-volts- These were the 
highest gamma-ray energies yet obtained from terrestrial 
sources. 

If radiations of anything like such energies were in- 
volved in the reaction assumed by Chadwick, his estimate 
of the mass of the neutron needed notable reduction, so 
that the figure r.0067, even if derived from very precise 
measurement of masses and energies, was rather an upper 
limit than an exact determination, at least until it became 
definitely established that no radiative losses had been 
involved in the assumed reaction. However, Chadwick’s 
estimated range of uncertainty, viz., 1,003 to 1.008, was 
sufhcient to take care of the escape even of a s-million- 
volt gamma ray. It was the great intensity of the stream 
of bombarding particles that Lauritsen and Crane^ were 
able to obtain in their wholly artificial production of neu- 
tron beams^ — intensities a thousand times those used by 
any of their predecessors — that made possible the bringing 
*0 light and quantitative study of the accompanying gam- 
*Cmne, Lauritsen, and Soltan, Phys. Rev., XLIV (1933), 514, 783. 
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ma radiations in the case of most reactions giving rise to 
neutrons. 

Their method of separating the gamma rays from the 
neutron is illustrated in Figure 71/ in which the curves all 
apply to the radiations produced when deutons, i.e., heavy 



Fig. 7 1. ““Absorption of the beryllium radiation. I. ParafFm-lined 
chamber, paraflin absorber; 11. ParafFin-lined chamber, lead absorber; 
HI. Lead-lined chamber, paraffin absorber; IV. Lead-lined chamber, lead 
absorber. 

hydrogen atoms, are made to bombard a beryllium target 
in the Lauritsen million-volt tube. The absorption in 
both lead and paraffin of the radiations stimulated in the 
beryllium by the deuton bombardment is measured with 
the aid of two electroscopes, the first lined with lead, the 

* Crane and Lauritsen, ihid.^ XLV (i934)> 226. 
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second with paraffin. The paraffin-lined chamber is much 
more sensitive to neutrons than the lead-lined chamber, 
since the ionization within it is increased by the protons 
ejected from its walls by the neutrons. On the other hand 
the lead-lined chamber is very much more sensitive to gam- 
ma rays than is the paraffin-lined one, since gamma rays 
eject many more electrons from lead than from paraffin. 
The figure shows four absorption curves obtained by using 
the two kinds of absorbers and the two chambers. Curves 
II and IV are taken in the paraffin and lead lined cham- 
bers, respectively, but the beam was successively weak- 
ened in both cases by introducing before the chambers a 
series of lead absorbers. It will be seen that at thick- 
nesses greater than 4 cm. the slope is the same for the lead 
and the paraffin chambers. This means that the radia- 
tion is of a single type, either entirely neutrons or entirely 
gamma rays, since but one absorption coefficient is in- 
volved. But the large excess in total intensity of Curve 
II (paraffin chamber) over Curve IV (lead chamber) shows 
clearly that the radiation responsible for these curves con- 
sists of neutrons j since passing through the paraffin walls 
increases its intensity so largely. Hence, the slope of 
Curves II and IV beyond 4 cm. is taken as the absorption 
coefficient of neutrons in lead. 

At the thicknesses of the absorber less than 4 cm., 
curve IV shows a steep rise which clearly indicates the 
presence of a component of radiation that is more absorb- 
able than is the neutron radiation and that is practically 
entirely absorbed in 4 cm. of lead, as shown in both 
Curves II and IV. That this component consists of 
gamma rays is indicated by the fact that it occurs strongly 
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in Curve IV (lead-lined chamber) but only weakly in 
Curve II (paraffin-lined chamber) , for it is well known that 
gamma rays stimulate secondaries much more strongly 
in lead than in paraffin. Curves I and III show that the 
paraffin absorbers cut down but slowly the joint effects of 
the two types of rays, while the difference in the slopes of 
these two lines shows that the proportions of the different 
types of rays are not the same in the lead-lined chamber 
as in the paraffin-lined one, a result obviously to be ex- 
pected. 

By extending the straight part of Curve IV backward 
as indicated by the dotted line in Figure 71 we can deter- 
mine the intensity contributed by neutrons alone for ab- 
sorbers less than 4 cm. Then the difference between the 
total intensity and the intensity represented by the dotted 
line should be just the intensity due to the gamma rays 
alone. The intensity of gamma rays thus obtained, as a 
function of thickness of absorber, is plotted on a log scale 
in Figure 72, along with a similar curve taken with the 
gamma rays from radium under identical conditions. 
This shows that the gamma rays from beryllium are quite 
monochromatic with an absorption coefficient consider- 
ably greater in lead than the rays of radium after the 
latter have been filtered through 1-2 cm. of lead. Since 
the strength of the radium was accurately known, the 
number of gamma rays emitted from beryllium could be 
calculated and it came out equal to the number of neu- 
trons to well within the accuracy with which the latter 
could be determined. Lauritsen and Crane therefore 
drew the important conclusion that in beryllium the neu- 
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trons and ganama rays are produced in the same reaction, 
which they wrote down as follows: 

+7 . 

The foregoing illustrates the extreme importance of 
knowing in the case of every reaction under consideration 



Fig. 72. — Absorption curve of the beryllium-deuton gamma rays, 
with an absorption curve of radium gamma rays, made under the same 
experimental conditions, for comparison. 

whether or not there is a gamma ray released in the reac- 
tion, and if so just how great is its energy. Lauritsen and 
Crane have supplied this knowledge for a very consider- 
able number of transmutation reactions, and have there- 
by notably pushed forward our insight into nuclear 
effects. 
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Perhaps the most interesting reaction that they have 
studied with great care is that produced by the bombard- 
ment of lithium by high-speed protons, in which, as al- 
ready indicated (see p. 365) Cockroft and Walton had first 
shown that the proton is simply captured by the lithium 
isotope of mass 7 and the resulting nucleus of mass 8 then 
breaks up into two alpha particles that are ejected in 
nearly opposite directions. The energy released in this 
reaction, easily computed from the masses of LP, and 
He*, given on page 375, comes out quite accurately 17.0 
million electron-volts. If the whole of this energy plus 
the 200,000 electron-volts with which the protons were 
accelerated in the Cavendish Laboratory experiments 
went into the pair of oppositely flying a particles (Fig. 69) 

each would have had an energy of -L-=8.6 million elec- 

2 

tron-volts, and when this is translated into a particle- 
range with the aid of the empirical curve relating a ray 
range and energy, now accurately known from twenty 
years of experimenting on the ranges and the magnetic 
deflectabilities of a rays emitted by the uranium and 
thorium families, the result comes out 8.2 cm. 

Now Oliphant, Kinsey, and Rutherford,* by interpos- 
ing in the path of these, same a rays, emitted by lithium 
bombarded by protons, successive layers of mica each of 
accurately known air-equivalence, have obtained the rela- 
tion shown in Figure 73 between the air-equivalent range 
and the number of a particles having any particular range. 

Their method of taking the data for such a curve is as 
follows : They let the alpha rays shoot into an ionization 

' Proc. Roy. Soc., CXLI (1933), 72*- 
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chamber a centimeter or two in diameter and a few mm. 
deep. Each a ray entering this chamber produces a prac- 
tically instantaneous ion current which is amplified by an 
ordinary tube amplifier, and the resulting “oscillograph 
deflection” photographed on a movie film so that the 
number of kicks appearing on the film is the same as the 



Fig. 73. — Distribution-in-range curve of the a particles resulting from 
bombardment of lithium by protons. (Oliphant, Kinsey, and Ruther- 
ford.) 

riumber of a particles that produce them, as shown in 
Figure 74. By interposing between the source and this 
chamber a sheet of mica of known air-equivalence the 
number of particles having energies at least sufficient to 
get through that thickness will be recorded. Figure 73 
shows the number of particles that get through varying 
thicknesses of mica, these numbers being plotted as or- 
dinates, the air equivalent thicknesses being plotted as 
abscissae. The broad plateau of Figure 73 means, then, 
that all the points taken on this plateau correspond to the 



(0 

Fig. 74.’— Three records of the ionization produced by individual par- 
ticles in a shallow ionization-chamber: (a) alpha-particles of nearly tlic 
same speed, (h) protons of various speeds, (c) particles of several kinds 
which had been set into motion by impacts of neutrons. Tlie fo^JiKing 
along the base-lines is much fainter in the original records than in thc^sc 
reproductions. (J. R. Dunning of Columbia University.) (Taken from an 
article by Carl Darrow.) 
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large group of tracks all of which have a range in air of 
8.4 cm., which is seen to be the maximum distance to 
which the tracks reach when the mica sheets are all with- 
drawn. 

But it will have been noticed that the range here accur- 
ately observed is very close to that computed above with the 
aid of the assumption that the whole of the energy released in 
the aforementioned transmutation of lithium into helium 
went into the kinetic energy of the flying helium nuclei or a 
particles. This excellent quantitative agreement is con- 
vincing evidence of the correctness of the assumptions of 
Cockroft and Walton and the whole Cavendish group as 
to the nature of the transmutation-reaction which pro- 
duced these a rays of 8.4 cm. range in air. In this par- 
ticular reaction there is certainly no energy whatever left to 
go of as a gamma ray, the whole of the librated energy 
being used to impart velocity to the two a particles. 

How, then, did Lauritsen and Crane find strong gam- 
ma rays given off by the bombardment of lithium by 
protons? In order to find the answer to this riddle we 
must first know how they tested for the presence of gam- 
ma rays and what sort of energies they found. From 
electroscope tests of the kind already described in the case 
of beryllium rays they got an absorption coefficient in lead 
close to that found for y rays from radium filtered 
through 2 cm. of lead, and hence at first concluded that 
the energy involved in these two radiations, one from 
bombarded lithium the other from radium, was about the 
same, namely, about 1.6 million electron-volts. 

But having begun to suspect the reliability of these 
absorption formulas for the determination of energies, at 
least in this region of frequencies, with the assistance of 
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Messrs. Fowler and Delsasso, they let these same gamma 
rays from bombarded lithium pass into a cloud chamber 
set in the midst of a 1,200 gauss magnetic field and meas- 
ured directly the energies of the electrons shot into the 
cloud chamber by the absorption of the gamma rays in 
thin sheets of lead and other metals also placed inside the 
cloud chamber. This was precisely what Anderson and 
Neddermeyer had first done when they found the energy 
distribution of positives and negatives released from lead 
and aluminum by the gamma rays of ThC" — experiments, 
it will be remembered, in which they discovered that the 
maximum energy of the negatives was very close to the 
2.6 million electron-volts which is the long-known energy 
of the incident gamma rays, while the maximum energy 
of the positives was 1.6 million volts, the difference repre- 
senting, according to the Dirac theory, the million volts 
necessary to create a positron-negatron pair. 

A large number (about 1,000) of cloud-chamber 
measurements of this kind, made by Lauritsen, Crane, 
Fowler and Delsasso, on the electrons released by the 
gamma rays from lithium bombarded by protons yielded 
a positron energy distribution curve that ran into the 
energy axis at about 12 million volts (see Fig. 75), while 
the distribution curve for the negatives intercepted the 
axis at 13 million electron-volts. In other words, the 
energy of this gamma-ray beam produced by the bom- 
bardment of lithium by protons was not about 1.8 million 
volts, as previously estimated from the absorption meas- 
urements in lead, but it was as here directly determined 
about 15 million volts and it was the highest energy gamma 
rays as yet found from terrestrial sources. Not only was 
this high-energy gamma ray of itself a discovery of im- 
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portance, but even more so was the discovery of so high 
an energy combined with so high an absorption coefficient 
in lead (see § V, p. 402) . 

Before attempting to interpret the latter, let it be 
noted that both the curve corresponding to the positive 



Fig. 75.— Energy spectra of the negative and positive electrons ejected 
from a thick lead plate by the gamma radiation from lithium bombarded 
with protons. Circles indicate negative electrons and dots indicate posi- 
tive electrons. Each point represents the number of electron tracks in a 
1.4 million electron-volt energy interval. 

electrons and that corresponding to negative electrons 
show a subsidiary maximum at about 4 million volts, thus 
indicating that there are two gamma rays given out in this 
reaction, one having an energy of about 4 million elec- 
tron-volts and the other of about 13 million. In other 
words ^ as much as 17 million electron-volts of energy some- 
times go ojf from this reaction in the form of gamma rays. 
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But this is practically all the energy that was available, 
for though Lauritsen and Crane’s bombarding protons 
had 900,000 volts behind them we have here found about 
17 million out of 17.9 million in gamma rays alone. A 
comparison, then, of Figure 73 with Lauritsen and 
Crane’s curves, Figure 75, seems to show that the event 
of the capture of a proton by Li^ may take place in such a 
way that all of the 17 million electron-volts of released 
energy may appear in the kinetic energies with which the 
two normal alpha particles fly apart, or on the other hand, 
it may take place in such a way that one of the newly born 
alpha articles may be thrown at birth into an excited 
state, of energy- value about 17 million volts, from which 
excited state it falls back to normal by two stages, of 
energy values 4 and 13 volts, respectively. This process 
of course requires that the a particles fly apart in this par- 
ticular instance with but the small amount of the total 
available energy (17.9 million volts) left over after about 
17 million of it has gone off in the form of gamma rays. 

This begins to show the complexity of the events that 
can happen in a nuclear transformation. Thus the pro- 
ton can get into the nucleus of lithium in such a way as to 
leave in their normal state the two a particles formed, in 
which case these two particles must take the whole energy 
released; they then have the 8.4 cm. range. Or the enter- 
ing proton may do its job unskilfully and get one of the 
a particle twins badly excited by pushing it up to a 17- 
million-volt level, in which case it falls back to the unex- 
cited state in two jumps, stopping at the 13-million- volt 
level and letting out a 4-million-volt gamma ray, then 
falling back to normal with the emission of a 13-million- 
volt gamma ray. This particular transmutation-reaction, 
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too, is probably one of the very simplest possible. In 
some other reactions protons of varying speeds are re- 
leased, in some neutrons, in some gamma rays or photons, 
in some positrons, and in some negatrons. 

Especially because of its relation to the very impor- 
tant subject of the mass of the neutron, Lauritsen and 
Crane also analyzed very carefully with the great intensi- 
ties obtainable with their apparatus the mass-energy rela- 
tions in the reaction produced when lithium is bombarded 
by “deutons” instead of as above by protons. This they 
had before proved to give rise to neutrons through the 
reaction 

3L7+,H"-^2,He4-fn*. 

Although there was some justification for assuming that 
gamma rays are not a product of this reaction an exper- 
imental test of this point had not been available so that 
calculations of the mass of the neutron made with the aid 
of this equation and without certain knowledge as to the 
presence of gamma rays were to be considered strictly 
valid only as an upper limit. 

By analyzing the rays produced in this reaction by ex- 
actly the method indicated above for Be, Lauritsen and 
Crane^ showed that no gamma rays at all come out of this 
reaction, but only a rays and neutron rays. The distribu- 
tion of the ranges of the a rays had already been very 
beautifully analyzed by Oliphant, Kinsey, and Ruther- 
ford^ with the results shown in Figure 76. It will be seen 
from this figure that out of this reaction there comes a 

^Lauritsen and Crane, Fkys. Rev., XLV (1934), 550. 

® Oliphant, Kinsey, and Rutherford, Proc. Roy. Soc. A., CXLI (1933), 
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large group of a particles which have a uniform range of 
13.2 cm.— a range that corresponds to an energy of 11.5 
million electron-volts. 

Now this 13.2 cm. range actually corresponds remark- 
ably closely with the total energy released in the reaction 

3LiHxff->22He4+£ 

in which E is the total kinetic energy of the a particles. 
Indeed, the mere differences in the masses of the atoms on 
the left and right sides of this equation amounts to 22.2 X 
10® electron-volts and if we add the 200,000 electron-volts 
for the bombarding energy of the deutons we see that the 
energy of each of the two ejected a particles should be 

2 2 A 

— 3= 1 1.2 X 10^ electron-volts while it was seen that the 
2 

range, 13.2, reduced to electron-volts is 11.5. This ex- 
cellent agreement is then fairly conclusive evidence, even 
without Lauritsen and Crane^s proof that gamma rays are 
not produced in this reaction, that the deuton is here 
captured by Li^ in such a way that the whole of the re- 
leased energy is transformed into the kinetic energy of the 
two oppositely flying a particles. It is agreements like 
this that gives us confidence in the correctness of these 
transmutation equations. 

But what is then the explanation of the sloping line of 
Figure 76 which shows clearly that this bombardment 
of lithium by deutons also gives rise to a particles the 
ranges of which vary continuously from i cm. up to a max- 
imum of 7.8 cm? If no gamma rays are produced there is 
nothing left save the observed neutron rays to divide the 
energy with the a particles so as to cause the latter to have 
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all sorts of ranges up to 7.8, which is taken as the range 
when all the energy goes into the a particles and none into 



Fig. 76. — DJstribution-in-range curve of the a particles resulting from 
bombardment of lithium by deutons. (Oliphant, Kinsey, and Ruther- 
ford.) 


the neutron. But from the masses involved it is at once 
obvious that neutron rays can only come from the reaction 

3Li7+,ff-2He4+,n^+£:i , 

in which Ez is the total kinetic energy carried away by 
both the a particles and the neutron. After combining 
this with the other reaction, discussed above, in which 
lithium is bombarded by protons, viz., 

Lauritsen and Crane point out that one obtains by sub- 
traction 

in which the only atomic masses involved are W and 
which are known with considerable precision. The kinet- 
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ic energy of the bombarding protons (ff) and deutons 
(H^) as used by Oliphant, Kinsey, and Rutherford was the 
same (about 0.2X10*^ electron-volts) and hence cancels. 
The ranges of the a particles resulting from the two reac- 
tions are nearly the same (7.8 cm. and 8.4 cm., respective- 
ly) and since only the difference in energy is made use of 
any systematic error in the measurements, or in the con- 
version from range to energy, tends to cancel out. Using 
£1 = 2X8.3X10^ and £2 = 2X8.75X10^ electron-volts the 
difference is very closely equivalent to 0.001 atomic- 
weight units, and adding this to = 1.00586 we ob- 

tain for the mass of the neutron 1.0068. On account of the 
accuracy with which (ff—H’') is known this value seemed 
to be the most accurate yet obtained. Oliphant, Kinsey, and 
Rutherford estimate the errors in the ranges 7.8 cm. and 
8.4 cm. as ±0.2 cm., but even if two such errors should 
chance to add their effects the result could scarcely be 
affected by more than .0003 of an atomic-weight unit, so 
that the value of the neutron appeared to be found to 
lie between 1.0065 and 1.0071. Had this work yielded a 
value definitely lower than 1.0067 it would have spoken 
strongly against the neutron and in favor of the proton as 
the elementary particle. As it is, both possibilities are 
still open, though if the choice be in favor of the neutron 
it must be admitted that the binding energy between it 
and the positive electron is somehow strangely small. 

In August, 1934, Chadwick"^ published a preliminary 
report on a closely related method. He exposed a cham- 
ber filled with deuterium, heavy hydrogen gas, to the 
2.62X lo^-volt gamma radiation of ThC", The chamber 
was connected to a linear amplifier and oscillograph in the 

* Nature, CXXXIV (August 18, 1934), 237. 
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usual way. A number of kicks were recorded by the os- 
cillograph which had to be attributed to protons resulting 
from the splitting up of the deutons into protons and 
neutrons. When radium rays of i.8X lo^ volts were tried 
the kicks were greatly reduced and Chadwick concludes 
that the binding energy of a proton and a neutron to fonn 
a deuton must be more than i.SXio'’ volts. He esti- 
mates it at 2.1X lo®. The atom of heavy hydrogen is sim- 
ply an atom of ordinary hydrogen after a neutron has 
been added to its nucleus. Hence 

4- n' — binding energy = H“, 

2 I I 

or n^=H"-H*-f binding energy = 1.0058 -f- = 
±1.0080. 

If these figures should turn out to be correct the mass of 
the neutron would be above the limit (i .0078) that is con- 
sistent with the idea that the proton is an elementary par- 
ticle. The two last modes of approach to the mass of the 
neutron did not seem as yet brought into consistency, and 
whether the neutron or the proton was to be regarded as 
the elementary particle waited future determination. 

At the meeting of the International Union of Pure and 
Applied Physics on October 24, 1934, Dr. Oliphant point- 
ed out that Chadwick and Goldhaber had just made more 
accurately by Chadwick^s latest method the determina- 
tion of the mass of the neutron and obtained the value 
1.0080 + 0.0005. Oliphant preferred, also, to make the 
assumption discussed at length in Lauritsen and Crane’s 
paper and discarded by them as having too small a proba- 
bility to be the determining factor in fixing the 7.8 maxi- 
mum range. This assumption is that this range corre- 
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spends not to the case in which the neutron takes none of 
the energy and the two a particles divide it equally be- 
tween them, but rather to the case in which the neutron 
and one a particle receive together the same momentum 
in one direction that the other a particle receives in the 
opposite direction. This makes the latter alpha particle 
receive five-ninths of the total energy released, and thus 
gives the value of the total energy corresponding to the 
7.8 cm. range 14.9 million electron-volts, and brings the 
mass of the neutrons obtained by Lauritsen and Crane^s 
method up to 1.0083, in good agreement with Chadwick 
and Goldhaber’s'^ value. It is obvious that the uncertain- 
ty in this assumption still makes it pertinent to retain 
the spirit of caution of the foregoing paragraph. 

v. THE LAWS OE ABSORPTION OF HIGH-ENERGY 
PHOTONS 

The discovery, first made independently and in wholly 
different ways by Chao,^ and by Bothe and Becker,^ then 
greatly extended as shown above by Lauritsen and Crane, 
that artificially produced nuclear changes are capable of 
emitting new types of gamma- ray photons, some of them 
of higher energies than any heretofore originating on 
earth, has opened up a large new field of both experimen- 
tal and theoretical advance in our knowledge of the inter- 
action between radiation and matter. 

Prior to the work of Chao the theoretical physicist had 
developed his laws of the absorption, scattering, and 

^ Chadwick and Goldhaber, Nature^ CXXXIV (i934)> 237. 

*Chao, Froc. Nat, Acad,, XVI (1930)) 43 i; Pfiys^ XXXVI 
(1930), 1519. 

3 Bothe and Becker, Zeil. f, Physik, LXVI (1930), 289; Naturwiss., 
XIX (1931), 753. 
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energy degradation of photons on the assumption that 
the sole agents conditioning these processes were extra- 
nuclear electrons. Up to the time of the experiments oi 
Chao, the Klein-Nishina formula, the most theoretically 
sound of our absorption formulas, had been assumed by 
all of us, Millikan, Jeans, Regener, and all the rest, though 
with varying degrees of assurance, to be applicable to all 
frequencies, even those of the most penetrating of the cos- 
mic rays. Chao first showed sharply that the nucleus 
had its own laws of absorption and that they were wholly 
different from those described by the Klein-Nishina for- 
mula. Gray and Tarrant, Meitner and Phillip (see p. 
337) confirmed with much elegance and precision these 
findings of Chao with respect to the nuclear absorption 
and re-emission in a new form of the energies of ThC'' 
photons, then Anderson discovered the positron and 
proved conclusively that the encounters of ThC''' photons 
with the nuclei of both lead and aluminum produce such 
positrons. Meanwhile Blackett and Occhialini had sug- 
gested the interpretation of cosmic-ray showers in terms 
of the creation of positron-negatron pairs, Dirac^s nega- 
tive energy states being the basis of this conception, and 
immediately thereafter Anderson and Neddermeyer 
found the maximum energy imparted to positive electrons 
by ThC" rays just a million volts less than that imparted 
to extra-nuclear negatives, thus bringing to light the first 
new fact predicted by the pair-creation theory. 

There followed the very elegant proof first by Thibaud 
and Joliot independently, then with much precision 
by Lauritsen and Crane, that Chao’s half-million-volt 
isotropic gamma radiation excited by the impact of 
ThC" photons on the nuclei of both heavy and light 
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atoms is in all probability nothing but the ether signals 
sent out from the spot at which a positive electron disap- 
pears, presumably by committing suicide with a negative. 
However, this “annihilation ray” theory must be regard- 
ed as resting on evidence that is quite independent of all 
hypotheses as to where the observed positrons come from, 
whether from pair creation without any alteration in the 
charge on a nucleus, or by the extraction from a nucleus 
with a consequent diminution by one unit of its positive 
charge. One or the other or both of these origins may 
exist and both are entirely consistent with the annihila- 
tion-ray hypothesis. For in any case we know that these 
positives appear in our cloud chambers when photons of 
sufficient energy encounter nuclei, and we know that they 
disappear somehow, and also that when they disappear 
half-million-volt photons emerge from the scene of the 
disaster. We know, too, simply from the Einstein equa- 
tion, that the radiation equivalent of the mass of two 
electrons is a million volts — more accurately 2X512,000 
(see p. 374) — and also that the principle of conservation 
of momentum requires that this million volts emerge 
from the point of origin as two oppositely directed half- 
million-volt photons. 

But meanwhile the theorist had been at work. In 
particular at the Norman Bridge Laboratory Oppen- 
heimer and Plesset* had been working out from the pair- 
creation theory (i) how nuclear absorption should vary 
for a given nucleus as the energy of the approaching pho- 
ton increased from the two-million-volt limit where Chao 
had found it first beginning to set in, and (2) how it should 
depend upon the atomic number of the nucleus. 

' Oppenlieimer and Plesset, Phys. Rev., XLIV (1933), 53 - 
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Fortunately Lauritsen and Crane’s intense sources of 
artificial gamma rays made it possible to obtain a com- 
parison between experiment and theory in the energy in- 
terval included between 2 million and 13 million electron- 
volts, and in the atomic-number interval copper (29) and 



0 12 3 4 5 6 

ENERGY IN MEV 


Fig. 77. — Energy spectra of the negative and positive electrons ejected, 
from a thick lead plate by the gamma radiation from fluorine bombarded 
with protons. Circles indicate negative electrons and dots indicate posi- 
tive electrons. Each point represents the number of electron tracks in a 
0.7 million electron-volt energy interval. 

lead (82). By precisely the method used in obtaining 
Figure 75 they measured the energy distribution curves 
for both the positive and negative electrons ejected into a. 
cloud chamber from a 3 mm. lead plate by the gamma 
radiation from CaFa when it was bombarded by 800,000 
volt protons. The results are shown in Figure 77 which. 
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it is most interesting to compare with Figure 75. Both 
figures show nicely the million- volt difference between the 
maximum energy of ejection of the negatives and the posi- 
tives discovered by Anderson and Neddermeyer for ThC" 
rays and accurately checked by Chadwick, Blackett, and 
Occhialini,’^ this being, according to the pair theory, the 
energy lost by the incident photon in the creation of an 
electron-pair. 

But the comparison of Figures 75 and 77 shows some- 
thing more, namely, that the difference between the num- 
ber of negatives and the number of positives is very much 
greater with the 5.4-million-volt fluorine rays than with 
the 13-million-volt lithium rays. This of course means 
merely that, as is to be expected, the nuclear absorption 
is a much smaller part of the whole absorption in the case 
of the 5.4 rays, for, as Chao showed, the threshold at 
which nuclear effects begin to appear at all is at about 2 
million electron-volts. On the assumption that the nu- 
clear absorption shown in these experiments is due solely 
to pair-formation, the difference between the positive and 
negative curves should give the effect of Compton en- 
counters with extra-nuclear electrons, in other words the 
part of the absorption that is taken care of by the Klein- 
Nishina formula. This is seen to be much less at 13 
million volts than at 5.4 million— indeed the difference is 
about as predicted by that formula. This is then another 
success for the pair theory, 

A still further success is seen in Figure 78, in which is 
shown Professor Oppenheimer's computation of the pair 
absorption in lead and in copper as a function of quantum 

* Chadwick, Blackett, and Occhialini, Proc, Roy. Soc. A., CXLIV 
(1934/, 5253. 
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energy . The curves of total absorption represent merely 
Klein-Nishina absorption added to this theoretical pair 
absorption as computed by Oppenheimer. The differ- 
ence between the lead and copper curves is due to the fact 
that according to the pair theory the absorption is propor- 
tional to the square- of the atomic number. The result is 
that after pair absorption begins, in the case of a heavy 
atom like lead, the absorption actually rises with increas- 



Fig. 78. — Curves giving the total absorption coefficients of gamma 
rays in lead and in copper as a function of their quantum energy, and also 
curves giving the absorption due to the formation of electron pairs alone. 


ing energy so that there are two values of the energy such, 
for example, as 2 million volts and 7 million volts, or 1.6 
million and 13 million (see p. 388) that have the same ab- 
sorption coefficient. In confirmation of this double- 
valued coefficient both MacMillan at Berkeley and Lau- 
ritsen and Crane at Pasadena have made absorption 
measurements with different kinds of absorbers on the 
gamma rays from fluorine bombarded with protons, and 
the latter observers have done the same with the gamma 
rays from lithium bombarded with protons with the re- 
sults shown in Figure 78. The observed absorption co- 
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efficients are indicated by horizontal lines intersecting the 
theoretical curves. Although the absorption coefficients 
in lead of these gamma rays are seen to be not very differ- 
ent from that of radium gamma rays it is clear from the 
corresponding coefficients in copper that their quantum 
energy is such as to place them on the high-energy side of 
the minimum, namely, at about 6.9 million electron-volts 
for lithium and 5.8 for fluorine, rather than on the low- 
energy side as the authors originally inferred. This re- 
sult for flourine is completely and beautifully confirmed 
by the direct measurements, shown in Figure 77. In 
lithium the 6.9 value obtained from absorption measure- 
ments is a reasonable mean between the 13-million- and 
the 4-million-volt components shown in Figure 75, for 
Lauritsen and Crane^ show that the 4-million component 
is quite as intense as the 13-million-volt one. 

All this is in notable confirmation of the demands of 
the pair theory for this small range of frequencies herein 
investigated. That, however, a absorption law cannot 
hold for higher energies seems to be definitely established 
by our cosmic-ray measurements, as well as by those 
of Steinke and his collaborators at Konigsberg. These 
measurements show that when different absorbers are 
used for the same cosmic-ray photons the absorption is 
roughly proportional to the first power of the atomic 
number rather than to the second power. The whole 
mechanism of nuclear absorption may therefore change 
as these higher energies are reached. This is an interest- 
ing and important field in which both our experimental 
and our theoretical knowledge is still very incomplete but 
in which new data are rapidly appearing, so that the ques- 
tion here raised bids fair to fi.nd an early solution. 

^ Proc, International Union of Physics. London, Roy. Soc., 1934. 



CHAPTER XVI 

THE NATURE OF THE COSMIC RAYS 

I. EARLY EVIDENCE AS TO THE NATURE OF 
COSMIC RAYS 

Up to the present no assumption whatever has been 
made as to the nature of the cosmic rays. The energy 
considerations presented in chapter xii are equally ap- 
plicable to all theories as to their nature. Their very 
high penetrating power, however, suggests at once their 
kinship with the gamma rays instead of with the beta 
rays since at the highest measured energies (2.6X to® elec- 
ton-volts) the former have, for a given energy, a pene- 
trating power of the order of a hundred times that of the 
latter. Something like this ratio seems to hold also in the 
cosmic-ray field, for it will presently be shown quite 
definitely that it takes an energy of about 6 billion (10”) 
electron-volts to enable an electron to penetrate the at- 
rnosphere. To find, then, primary incoming charged par- 
ticles which have penetrated down to depths beneath the 
surface of a lake equivalent to a thickness of from 10 to 30 
atmospheres, where our experiments and Regener’s re- 
vealed traces of the rays, is well-nigh unthinkable. From 
the start the photon hypothesis seemed required to get 
such enormous penetration without calling upon impossi- 
y arge energies, namely, up to 30X6 or 180 billion elec- 
ron-volts. But with a penetrating power of the order of 
a hmdred times that of electrons, the two- or three-billion ■ 
VO photons, such as must have produced the showers ol 
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Figures 63 and 64, would be able to reach down as far as 
could 2oo-billion- volt electrons, i.e., down to the depths at 
which we actually find traces of these rays. The great 
penetrating power, then, of the cosmic rays seemed at 
once to ally them to the gamma rays. 

But there is another and a still more important 
parallelism between cosmic rays and gamma rays which 
was brought to light by the work of Hoffmann,"^ Millikan® 
and Cameron, and Compton, Bennett, and Stearns^ be- 
tween 1927 and 1931. The observation as made by 
Hoffmann and Millikan and Cameron in 1927 and 1928 
was that when the pressure in a given electroscope was 
raised from i atmosphere of air to 30 atmospheres, al- 
though the ionization current was thus multiplied but 
some 14 times instead of 30 times, this multiplying factor 
of 14 was the same for the gamma rays of radium as for the 
cosmic rays. Bowen and Millikan® then proved that the 
reason the multiplying factor was but 14 instead of 30 
was that with the high pressure 16/30 of the ions formed 
had recombined before the electric field could separate 
them and carry them to the electrodes; and the fact that 
this same factor held for the gamma rays as well as the 
cosmic rays meant that the mechanism of ionization had to 
be the same in both cases. But since gamma rays are 
known to ionize only through the mechanism of the secon- 
dary high-speed electrons or beta rays which they send 
across the chamber, the conclusion could be drawn with 

‘ Hoffmann and Lindholm, Gerlands Beitr., XX (1928), 12; aiso 
Zeit.f. Physik., LXIX (1931), 7 ° 4 . 

“ Millikan and Bowen, Nature, CXXVIII (1931), 582; Millikan. 
Phys. Rev., XXXIX (1932), 40 i- 

3 Compton, Bennett, and Steams, Phys. Rev.. XXXVIII (1931J, 

1565- 
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considerable confidence that the cosmic rays also ionize 
only through the mechanism of free electron shots'' which 
they cause to pass through the chamber. Very i:nij)<)rtaiit 
consequences will later be drawn from this type of paral - 
lelism between gamma rays and cosmic rays* a parallel - 
ism that Neher and I have roughly tested directly or in- 
directly clear up to altitudes of 60,000 feet. 

But the most direct evidence that the immodiaU^ 
ionizing agent in all cosmic-ray ionization is either a fre(‘ 
positive or a free negative electron and not in general a 
proton or any other heavy nucleus comes from a study of 
the thousands of photographs of cosmic-ray tracks that 
we have taken. Only electrons and photons can possibly 
produce the type of effects shown in Figures 59, 60, 61, 62, 
63, and 64. These show a continuous gradation in energy 
as measured by curvature from a few million electron- 
volts up to a billion without the slightest trace of a differ- 
ence in ionization between positives and negatives, such 
as in this range of curvatures is very pronounced between 
electrons and heavier charged bodies, such as nuclei of any 
sort. ^ Nothing but electrons (+ and -) can have the 
combination of curvature and range, to say nothing of 
ionization, here shown. Further, if the Newtonian laws 
of encounter hold, protons, neutrons, or other heavy par- 
ticles cannot transfer energies of millions of electron-volts 
to electrons such as we find in a great many of our photo- 
graphs. In the study of all of our plates we have found 
only two tracks that seem to be those of protons (Fig. 54). 
VTaatever then the nature of the original cosmic rays it 
will henceforth be with us a fundamental assumption that 
the immediate ionizing agent is in general an electron 
(+ or — 
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There was one further early consideration that spoke 
strongly in favor of the photon theory of the nature of 
cosmic rays, namely, their banded structure, particularly 
the fact that the softest band, of absorption coefhcient 
about 0.5 p^u* meter of water, controls practically the 
whole ionization between the altitudes of 14,000 feet and, 
say, 50,000 feet. No incoming particle theory seemed 
able to account for the exponential rise of ionization be- 
tween these limits. For Bowen, Epstein, and Langer all 
proved independently that incoming particle rays of a 
given energy coming in from all directions and ionizing 
uniformly down to the end of their range give rise to a 
linear increase in ionization with altitude starting from 
the depth corresponding to the range of the incoming par- 
ticles. This was completely different from the observed 
depth-ionization curve, and furthermore, when one starts 
with this principle no summation of energies could be 
made to fit at all the observed depth-ionization curve. 
On the other hand, one single band of photons of uncertain 
energy, but practically certainly of energy less than 500 
million electron-volts, would reproduce satisfactorily this 
portion of the depth-ionization curve. 

II. THE LATITUDE EFFECT IN COSMIC RAYS 

Whatever the nature of the primary cosmic rays them- 
selves, it was to be expected that there would be some 
electronic, i.e., beta ray, component of the rays entering 
the earth from the cosmos. For, whether the rays are in 
process of being produced now and have always been in 
such process or whether they represent relics of a bygone 
condition of the universe in which atomic transformations 
no longer possible were once able to take place, as has 
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been seriously suggested by some physicists of the ex- 
panding universe school, in any case no small part of those 
that strike the earth must have been shooting through 
space, like the photons that constitute light, for a billion 
years or more. Whenever in their travel through space 
they have gone through matter, even though in the cre- 
ative act they were sent forth as pure photons, they have 
necessarily produced secondary electron rays such as we 
find them producing in our terrestrial electroscopes, so 
that there is no existing theory of the origin of the cosmic 
ray that does not require, once the existence of cosmic 
ray photons is postulated at all, that space be traversed 
both by these photons and by the secondary electrons or 
other particles which these photons have produced in 
their billions of years of journeyings through the universe. 
Also, since the observed uniformity of distribution of the 
rays means that if they originate as photons these must 
traverse space uniformly in all directions, it of course fol- 
lows that the secondary electrons which they have pro- 
duced must also traverse space uniformly in all directions. 
In other words, the rays which enter the earth must in 
any case be a mixture of photons and extra-terrestrial 
secondary electrons or else of electrons alone if the photon 
hypothesis is entirely barred out, and the only question 
that is left for experiment to settle is what fraction of the 
inflowing energy is carried by the photons and what by 
the electrons. 

It was precisely these considerations that led to the 
first effort to detect the effect of the earth’s magnetic field 
on the intensity of the cosmic rays. This was made in 
the summer of 1926 when Millikan and Cameron took 
three electroscopes on a voyage from Los Angeles to Mol- 
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lendo, Peru, taking continuous readings on two of them 
(the third was too responsive to the ship's vibrations) in 
the radio room of the S.S. ‘^Mongolia" from Los Angelss 
to Balboa, and then after transshipment to the S.S. 
‘^Ebro” from Balboa to Mollendo, then up on Lake Titi- 
caca and finally in Lake Maguilla near Caracolles, Bo- 
livia. The sea-level readings which were taken on the 
two electroscopes during all of the twenty days of the 
downward voyage and on one electroscope all the way 
back showed, as we officially reported, “no variation with 
latitude which was beyond the limits of our observational 
uncertainty estimated at 6 per cent.'' The observations 
on Lake Titicaca (12,500 feet) and in Lake Maguilla 
(15,000 feet) were reported as taken and are some 30 per 
cent lower than those found by us at corresponding alti- 
tudes in California and Colorado. But having found no 
sea-level effects in the much more prolonged observations 
taken under conditions entirely free from all uncertainties 
as to possible electroscope-leaks and shielding from adja- 
cent mountains — sources of error necessarily inherent in 
our mountain work— and seeing no reason why we should 
find in the equatorial belt altitude effects, if not sea-level 
effects, we reported^ that “we had found no latitude 
effects larger than our observationaUuncertamties,^^ 

In the summer of 1928 I assisted Dr. Gish of the Car- 
negie Institution of Washington in calibrating electro- 
scopes which he placed on the ill-fated iron-free ship 
“Carnegie,” and with which during a six-month's cruise 
in the Pacific 507 observations were taken’' between 20^ S. 
and 20° N., 509 between 20° S. and 60° S., and 262 be- 

See R. A. Millikan, Phys. Rev,^ XLII (1933), 668, for more complete 
discussion. 
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tween 20° N. and 60® N., with mean results which as re- 
ported to me by Dr. Gish seemed to show a reduction of 
intensity in the equatorial belt over that in the temperate 
belts of from 6 per cent to 7 per cent. Also Clay"^ in 1927 
and 1928 in voyages from Amsterdam to Sumatra had 
reported at least a 15 per cent drop in sea-level cosmic-ray 
intensities in going from the temperate into the equatorial 
belt. Stimulated by these results, as well as by the fore- 
going theoretical considerations which seemed to demand 
that the earth’s magnetic field produce some latitude 
effect on the observed cosmic-ray intensities, in the sum- 
mer of 1930, having by this time devised and perfected 
pressure electroscopes much more sensitive and depend- 
able than those used in any preceding geographical sur- 
veys, I made a long series of sea-level observations in the 
Pasadena area, then transported the same electroscope to 
Churchill, Canada (geographic latitude 59, magnetic lati- 
tude 70) and taking the mean of a week’s continuous ob- 
servations, night and day, at Churchill, found the sea 4 evel 
intensities the same in the two localities within an error of 
not more than 1 per centJ^ 

Epstein^ had by this time published his calculations 
on the effect of the earth’s magnetic field on incoming 
electrons in which he found that even billion (10^) volt 
electrons approaching the earth from outside could not 
get through this field at magnetic latitudes lower than 
58° N., while from latitudes beginning somewhat above 
58° they should come in with uniform intensity. Accord- 
ing to his calculations the uniform polar cap of sea-level 

* J. ClKy^Proc. Roy. Acad. (Amsterdam), XXX (1927), 1115; XXXI 
(1928), 1090; XXXIII (1930), 711. 

* P. S. Epstein, Froc. Nat. Acad. Sci., XVl (1930), 658. 



THE NATURE OF THE COSMIC RAYS 


411 

intensities which I had found extending clear down to the 
latitude of Pasadena meant that there could be no appre- 
ciable number of electrons accompanying the cosmic rays 
into the earth’s magnetic field of energies between three 
billion volts, the energy which he assumed it was neces- 
sary for an electron to have merely to get down to sea level 
through the resistance offered by the atmosphere, and four 
billion volts, which represented the energy which he com- 
puted that it was necessary for an electron to have if it got 
through the blocking effect of the earth’s magnetic field 
and struck the earth’s surface in the latitude of Pasadena. 

The non-existence of appreciable numbers of incoming 
electrons of energies between 4 and 3 billion volts was not 
disturbing from the standpoint of the observational data 
available in 1930, since I then estimated that no primary 
photons existed which could impart to electrons energies 
higher than 3 billion volts anyway, and according to Ep- 
stein electrons of energies lower than 3 billion volts could 
not get down to sea level. All the secondary electrons of 
energies from 3 billion volts down coming into the earth’s 
magnetic field with the cosmic rays should, however, be 
stopped somewhere in the upper atmosphere and produce 
therefore a latitude effect on cosmic-ray intensities which 
it should be possible to bring to light by making a high- 
altitude cosmic-ray survey in the northern part of the 
United States and Canada, or according to Epstein’s cal- 
culations between magnetic latitudes 58 and 90 or geo- 
graphic latitudes in North America between 47 and 79. 
Accordingly, in the fall of 1931, before any geographical 
cosmic-ray surveys other than those already noted, viz., 
those by the ‘Tarnegie,” Clay, and ourselves, had been 
made, or so far as I was aware projected, I made an appli- 
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cation to the Carnegie Corporation of New York for funds 
for the development of specal instruments especially 
adapted for making an accurate high-altitude airplane sur- 
vey. 

The development of a vibration-free, self-recording 
cosmic-ray electroscope for accurate work on a moving 
platform and which was actually found to yield as good a 



Fig. 79. — Dr. H. Victor Neher’s vibration-free self-recording electro- 
scope which wholly unattended by skilled observers of any sort has taken 
automatic records of cosmic-ray intensities in airplanes up to 29,000 feet, 
in stratosphere balloons up to 62,000 feet, and in world-encircling voyages 
of three months’ duration on Dollar Line and Matson Line ships. 

record in a diving airplane, a running automobile, a speed- 
ing train, or a tossing ship as in the laboratory, was largely 
the work of Dr. H. Victor Neher. With the aid of this 
instrument (see Fig. 79) taken up to an altitude of 29,000 
feet through the courtesy and generous assistance of Col- 
onel Arnold and the other officers of the U.S. Air Corps at 
March Field, near Riverside, California, we first got the 
record of the cosmic rays’ intensities at this latitude as 
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shown in Figure 80. The instructions to the pilot were to 
rise to an altitude of 15,000 feet, to then level off for an 
hour, then to rise to 22,000 feet and there level off for 
another hour, then to rise to 29,000 feet and repeat there 
the leveling-off operation. In the summer of 1932, 
Bowen, Neher, and I took this instrument to Cormorant 
Lake in Northern Canada where the Royal Canadian Air 



Fig. 80. — Record of the rates of ionization in an airplane flight at 
March Field (near Pasadena, California). 

Force assisted us in making similar flights up to altitudes 
to 22,000 feet. Dr. Neher and I then supervised similar 
most skilful flights made for us at Spokane by Captain 
Breene of the National Guard. Dr. Neher then took the 
same instrument to Mollendo, Peru, and got, both coming 
and going, an accurate sea-level record as a check on our 
1926 much less sensitive readings. At Panama, through 
the orders of General Foulois, Chief of the Air Corps, a 
flight to 22,000 feet similar to that already made at Cor- 
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morant Lake and Spokane was arranged for, and in Pern a 
ship of the Pan American Airways flying Ix'twecn Ari- 
quipa and Lima flew at 19,000 feet both coming and go- 
ing. In all these flights the true altitudes were recorded 
on our own barograph ofldcially calibrated for us at i lie 
Bureau of Standards in Washington and checked by un in 
our laboratory at Pasadena. 

The results of the high -altitude records arc all graphed 
together in Figure 81. These graphs show the })redicted 
high-altitude latitude effect between March Field and 
Spokane and a marked latitude effect between Ihinaina 
and March Field (Pasadena) but no latitude effect be- 
tween Panama and Peru and none north of Spokane. C )n 
the basis of these curves we shall divide the incoming cos- 
mic rays into two parts, namely the non-Jield-sensitivr 
producing all the ionization beneath the lowest curve, 
and the field-sensitive part producing the ionization bt?- 
tween the upper and the lower curves. This last is of 
course due to the direct and the indirect influence of in- 
coming extra-terrestrial electrons. 


m. RESISTANCE OT THE ATKOSPHEEE TO AN INCOMING 
EIECTRON ABOUT SIX BILLION ELECTRON-VOLTS 

The reason that no latitude effect whatever appears 
between Spokane and Cormorant Lake is presumably 
that the secondaries under 2 billion volts that we actually 

magnetic field at Pasadena 
and that we therefore thiiflc must be presentin the incom- 

atlot^h “ numbers, cannot penetrate the 

wrSoTvh T/fv ' "^der half- 

shmiW ^ • If this is correct, a change in intensity 
should appear between these latitudes if flights were mm 1^ 
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to sufficiently high altitudes. According to our direct 
measurements, to be presently detailed, there are more 
secondary electrons formed of energies under 2 billion 
volts than of energies above this value. These latter, 
according to Epstein’s computations as to the effect of the 
earth’s magnetic field — and these are essentially the same 
as those made by LeMaitre and Vallerta’ — are responsible 
for all latitude effects found south of Spokane. Accord- 
ing to these computations, 2.4-billion-volt electrons will 
just begin to get through the earth’s magnetic field in the 
latitude of Spokane (mag. lat. 54°). The failure then to 
find any latitude effect north of Spokane but a notable 
effect south of it at a depth beneath the top of the atmos- 
phere of 4-| meters of water (22,000 feet), means that the 
total resistance of the atmosphere (equivalent to ro me- 
ters of water) to incoming electrons must be more than 

—X 2.4 = 5.3 billion electron-volts. Indeed, if the com- 
4-S 

putations of the foregoing theorists as to the blocking 
effect of the earth’s magnetic field are correct, then to ac- 
count for the absence of a sea-level latitude effect between 
Pasadena and Churchill requires the assumption that an 
incoming electron must have an energy of about 6 billion 
volts to get through the atmosphere. Anything less than 
6 would enable the upper-air latitude effect actually 
shown in Figure 81 between Pasadena and Spokane to 
manifest itself also at sea level. Anything appreciably 
more than 6 would prevent the upper-air latitude effect 
shown in Figure 81 between Panama and March Field 
from manifesting itself also at sea level; for the measur- 
able decrease in sea-level intensity actually begins a very 
‘ LeMaitre and Vallerta, Phys. Rev., XLIII (1933), 01. 
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few miles south of Pasadena. Since the earth’s magnetic 
field has been pretty well determined the conclusion may 
he drawn then with some assurance from the constancy of the 
sea 4 evel intensity between Pasadena and Churchill and its 
lack of constancy beginning just soiith of Pasadena that the 
total resistance of the atmosphere to the passage of high- 
energy electrons through it is about 6 billion electron-volts. 
From the same reasoning it would follow that the de- 
crease in the high-altitude intensities found between 
Pasadena (March Field) and Panama, as shown in Figure 
8i , and the entire absence of any change in intensity in any 
altitude in the long stretch between Panama and Peru, 
means that enough electrons enter the earth’s magnetic 
field of energies above 4 billion (the value at which they 
just begin to get through the blocking effect of the earth’s 
field in magnetic latitude 41, but are unable to penetrate 
the atmosphere) to produce the excess of ionization shown 
in the March Field curve over that in the Panama curve, 
while between Panama and Peru there cannot be any con- 
siderable number of further field-sensitive particles com- 
ing in. Whether the large number of incoming cosmic 
rays that experiment reveals in these latitudes are non- 
field-sensitive because they are photons or because they 
are electrons of 10 billion volts of energy or more is to be 
determined on the basis of evidence to be later presented. 

According to our assumption, north of Pasadena all 
vertically entering electrons of energies above 6 billion 
volts must get down to sea level, and in fact north of 
Pasadena there is as already indicated no sea-level 
change at all, while the means of the sea-level readings 
taken with our sensitive self-recording electrocope on the 
way to Mollendo and back gave a diminution of cosmic- 
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Fig. 81. — High-altitude-latitude effects 
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ray intensities setting in just at Pasadena and amounting 
to 7 per cent between Los Angeles and Panama, but no 
appreciable change below Panama. This, of course, 
meant that about 7 per cent of the sea-level ionization in the 
temperate and polar latitudes above Los Angeles is due di- 
rectly or indirectly to incoming electrons while some gj per 
cent is due to some kind of non-Jield-sensitive rays. 

As a check on the important conclusion derived from 
the foregoing latitude survey that the resistance of the 
atmosphere to incoming electrons is 6 billion volts, we 
may bring forward Anderson and Neddermeyer’s direct 
measurement of the loss in energy experienced by an elec- 
tron of energy from a hundred million to five hundred 
million electron-volts in traversing a plate of lead a centi- 
meter thick. Figures 82 and 83 show how satisfactorily 
this loss can be determined from the difference in curva- 
ture of the electron track above the lead and below it. 
The mean of a dozen or so plates like those shown in 
Figures 82 and 83 yielded 57 million electron-volts loss 
per cm. of lead. On the assumption that the ratio of the 
loss of energy of an electron in traversing water and lead 
remains the same for cosmic-ray electrons as for the high- 
est energy electrons with respect to which this loss has 
been directly measured, namely about i to 9,* the resist- 
ance of the atmosphere (10 m. of water) comes out 
57 Xio^XM/"^= 6.5 billion electron-volts, in reasonably 
good agreement with the results obtained by the two pre- 
ceding modes of computation. This may be looked upon 
either as a third bit of evidence for the 6-billion-volt value 
of the resistance or as evidence that the nuclear absorp- 
tion of electrons follows roughly the mass absorption law. 

• Rutherford, et al, Radiations etc., 1930, p. 437. Mso Bethe, Zeii. 
f. Phynk., LXXCVI (r932), 293. 
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IV. THE EEEECTS OF NUCLEAR ENCOUNTERS 

It is of much interest to inquire what fraction of this 
6-billion-volt resistance to the passage of electrons 
through the atmosphere is due to nuclear encounters and 
what to extra-nuclear. This may be estimated as follows : 
Anderson and Neddermeyer have counted the mean 
number of ions formed along cosmic-ray tracks. This 
can be done quite accurately by choosing for the count 
electron shots that go through the chamber say a tenth 
of a second before the expansion so that the ions formed 
have a chance to diffuse before they are caught and fixed 
in position by the condensation of the water upon them. 
The droplets thus become separated so as to be accurately 
countable. The mean number of ions formed in air per 
cm. of path at standard pressure so determined comes out 
31 which, combined with the now well-established value 
of the average energy required to detach an ion from the 
molecules constituting the atmosphere, namely 32 elec- 
tron-volts,^ leads to a resistance of close to 1,000 volts per 
cm. of air path at normal pressures, and this in turn leads 
to just under a billion volts for the resistance of the at- 
mosphere to an electron entering vertically. This is to be 
regarded as a lower limit since any loss in the counting of 
droplets and any obliqueness in incidence would raise 
somewhat the estimate (the great bulk of the cosmic rays 
reaching sea level actually coming in within 45*^ of the 
vertical). Something between a billion and a billion and 
a half volts may be taken as a rough estimate of the pri- 
mary ion-track resistance of the atmosphere to the aver- 
age incoming cosmic-ray electron that reaches sea level. 

But to this must be added the resistance due to such 

^Eisl, Ann. d. Phys., Ill (1929), 277. 
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dose extra-nudear encounters as give rise to secondary 
tracks, which are all of negative sign. Doctors Anderson 
and Neddermeyer have studied these with great care ex- 
perimentally, using the cloud-chamber technique; Drs. 
Carlson and Oppenheimer have analyzed them theoreti- 
cally with results in reasonably satisfactory agreement. 
The net result is found in the conclusion that another bil- 
lion and a half volts may disappear in this way as an in- 
coming electron plunges through the atmosphere. To a 
first approximation then we shall make the estimate that 
about half of the 6 billion volts of atmospheric resistance 
to the passage of an electron is due, directly or indirectly, 
to extra-nuclear ionization, the other half to nuclear en- 
counters. 

Three types of secondary rays may be expected to re- 
sult from these nuclear encounters of electrons: (1) rays 
consisting of electrons (-+- and — ) directly emerging as a 
result of the encounter; (2) photons of the same nature as 
the general X-radiation emitted from the point of impact 
of the cathode ray beam on the anticathode; and (3) anni- 
hilation-ray photons of half-million-volt energy as first 
measured by Chao. The existence of all three of these 
radiations has been directly brought to light in the Nor- 
man Bridge Laboratory. The first is shown in Figure 62 
(p. 347) in which a negative electron hits a nucleus and a 
positive electron emerges from the collision. This is a 
very rare occurrence compared to a close encounter with 
an extra-nuclear electron — an event that of course gives 
rise to a new negative instead of a new positive. The 
second is of the type shown in Figures 59, 60, and 61, 
though these “photon sprays” are here thought to result 
from the impact of photons upon a nucleus rather than 
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the impact of an electron, though the latter event should 
produce similar effects, and Dr. Anderson has five or six 
cases in which he thinks he has direct evidence for it. 

With the aid of these energy measurements of Ander- 
son and Neddermeyer and the foregoing latitude survey 
we are able to draw some quite definite conclusions re- 
garding the energy relations of the incoming or extra- 
terrestrial electrons and photons, and the secondary ra- 
diation produced within the atmosphere by them. These 
conclusions may be stated thus: 

1, Between 75 per cent and per cent of all the ioniza- 
tion produced in the atmosphere by incoming electrons is due 
to secondary electron and photon rays produced within the 
atmosphere. This result follows from the fact that the 
loss of energy in the primary ion track is only from i to 

billion electron-volts while as above shown the actual 
resistance of the atmosphere to such an electron is from 4 
to 6 times as great or about 6 billion volts. 

2 . The secondary electron and photon rays produced 
within the atmosphere by incoming electrons are practically 
all low-energy rays. This result follows from the fact 
that though the difference between the Panama and the 
Spokane curves shows that field-sensitive rays, i.e., in- 
coming electrons, are doing much ionizing of the atmos- 
phere above sea level, yet the secondary rays produced by 
them are not sufficiently penetrating to extend their influence 
down to sea level so as to cause any sea- level latitude effect 
at all between Pasadena and Spokane. In confirma- 
tion of this important conclusion, Anderson and Nedder- 
meyer have measured directly a very large number of 
these secondary electron tracks that branch off in their 
cloud chamber from the tracks of high-energy electrons as 
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they traverse plates of lead, aluminum, and carbon. 
These secondary tracks are practically always negatives, 
and therefore arise almost wholly from extra-nuclear en- 
counters and none of them have ever been found having 
energies higher than loo million electron-volts. Similar- 
ly, the ^^hre 7 nsslnihlung'\ photons exhibited in Figures 59, 
60, and 61 have never shown energies higher than 50 mil- 
lion electron-volts. 

3. On the other hand the electrons released in the at- 
mosphere by the nuclear encounters of incoming photons 
should have energies of the same order of magnitude as the 
photons themselves, no matter whether the encounters 
are of the photoelectric or the Compton sort. Since then 
the great bulk of the cosmic-ray tracks measured by both 
Anderson and Kunze^ have energies far above 100 million 
electron-volts and since, further, somewhat more than 
half of them are positives while secondaries produced by 
high-speed electrons are practically all negatives, it fol- 
lows from statement 2 that these tracks are not the in- 
direct effect of incoming electrons; and it follows from 
statement x (see also statement 4) that but a small per- 
centage of them can be the incoming electrons themselves. 
They must therefore in the main be secondaries produced by 
the nuclear encounters of incoming photons, 

4. Since the total equatorial drop in sea-level cosmic- 
ray ionization going from Los Angeles to Mollendo is but 
7 per cent and since according to statement i from 75 per 
cent to 85 per cent of this 7 per cent of field-sensitive 
ionization is due to secondaries produced within the at- 
mosphere by incoming electrons, it follows that the num- 

^P. Kiinze, Zdt. f, Phys,, LXXIX (1932), 79; LXXX 1933). 55 o; 
LXXXIII (1933), I. 
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her of these incoming electrons found at sea level need be 
no more than 2 per cent or 3 per cent, at most, of the total 
number of ionizing particles that produce the cosmic-ray 
ionization found within an electroscope or a cloud cham- 
ber at sea level. 

V. THE SIGNIFICANCE OF STRATOSPHERE FLIGHTS 

The original observations of Kolhorster* made in 
1913 carried our knowledge of the cosmic-ray ionization 
of the atmosphere up to an altitude of about 9 kilometers 
or from about 29,000 to 30,000 feet. It is significant 
and highly creditable to this very early work that all 
the observations made twenty years later in a comparable 
magnetic latitude, namely, the observations of Mott- 
Smith and Howell* and of Bowen, Millikan, and Neher,^ 
made in airplanes to about Kolhorster’s altitude, as well 
as those of Bowen and Millikan, ^ Regener,^ and Piccard,^ 
made in sounding or manned balloons to very much high- 
er altitudes, have checked his values reasonably well up to 
the altitude to which he went. Figure 81, however, shows 
at once how important an influence magnetic latitude may 
have on these intensities and warns against expecting 
agreement in different latitudes. 

Kolhorster computed from his high-altitude data an 
apparent absorption coefficient of 0.55 per meter of water, 

^ Kolhorster, Phys. ZeiL, XIV (1913), 1066, 1153; and Verh. d. 
Deut. Phys. Ges., XV (1914), 719. 

* Mott-Smith and Howell, Phys. Rev., XLIV (1933), 4. 

3 Bowen, Millikan, and Neher, ibid., XLIV (1933), 246. 

4 Bowen and Millikan, ibid., XLIII (1933), 695. 

3 Regener, Naturwiss., XX (1932), 695; Phys. Zeit., XXXV (1934). 
782. 

® Piccard and Cosyns, Compt. Rend., CXCV (1932), 606. 
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and it was to see whether such a coefficient held to the top 
of the atmosphere that Bowen and Millikan in 1922 made 
their first stratosphere flight with sounding balloons. 
Their balloons were sent up from near San Antonio, Texas 
(mag. lat. 38°), and reached an altitude of 15.5 km. or 
50,000 feet. From their data Bowen and Millikan drew 
the single conclusion that the apparent coefficient, 0.55, 
could not possibly continue from 29,000 feet up to the top 
of the atmosphere but must instead come back to very 
much smaller values. This conclusion has recently been 
checked by the data obtained in the newer stratosphere 
flights of Piccard, Regener, and Bowen and Millikan, all 
of whom find the altitude-ionization curve even reversing 
its curvature at very high altitudes. The determination 
of this shape near the top of the atmosphere, especially as 
a function of latitude, is one of the significant objectives of 
stratosphere flights. All that has been done to date in 
this direction is contained in Figure 84. 

The most accurate of these curves is undoubtedly that 
corresponding to the Fordney-Settle flight of November, 
1933, for which we sent up one of our unshielded, vibra- 
tion-free, self-recording, Neher electroscopes. A portion 
of the record thus obtained is shown in Figure 85. In this 
flight the balloonists remained near the 62,000-foot alti- 
tude for more than three hours so that the intensity at this 
altitude is determined with quite a new precision. As a 
check, too, we obtained a good similar record from our 
unshielded electroscope sent up in the Kepner-Stevens 
flight of July, 1934. These two flights were made in es- 
sentially the same magnetic latitude and in the latter 
flight the balloonists remained for more than an hour at 
the 40,ooo-foot altitude. The intensity there recorded 
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falls very nicely on the Fordney-Settle curve shown in 
Figure 84. The three lower curves contain much greater 
uncertainties because of the continuous and more rapid 



Fig. 84.-^Cbsimc-ray ionization of the atmosphere in different lati- 
tudes as a f unction of depth in equivalent meters of water beneath the top 
of the atmosphere. (Regener-s new data [1934] fits his curve given above.) 


rise and fall of thd balloons and the less sensitive recording 
electroscopes; but .the fact that all three of them show a 
reversal in curvature at the top; not shown in the Ford- 
ney-Settle curve, probably means a latitude difference 
and not merely observational uncertainties (see below). 
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But before discussing further these differences it will 
be well to present the second significant objective of 
stratosphere flights, namely that of obtaining direct in- 
formation as to the actual penetrating power of the rays 
existing at different altitudes. This is done by taking an 
unshielded electroscope to a given altitude under such 
conditions that only cosmic rays affect it, observing its 
rate of discharge, then observing again the rate of dis- 
charge of the same electroscope in the same place when it 
is surrounded by a heavy shield of lead. 

Figure 86 shows the result of such tests made at 
March Field (near Pasadena) through the co-operation of 
Col. Arnold and the other army officers stationed there. 

If the lead shield, here lo cm. thick, acted simply as a re- 
sistance, cutting down the energy of the electrons incident 
upon its outer surface and supplying no new electrons 
whatever through the absorption of incident photons, 
then the ratio between the ionization found within it, 
first without screen, second with it, would reveal what 
fraction of the electrons existing at the given altitude 
possess sufficient energy to penetrate the given thickness 
of lead. Since, however, it is known that many new sec- 
ondary electrons are actually stimulated within the lead, 
and since all of these that get into the electroscope in- 
crease the actual ionization existing within it when shield- 
ed, it is clear that the foregoing ratio gives merely tPm 
lower limit to the fraction of electrons having energies 
under the value required to penetrate the lead. Since the 
shield was lo cm. thick, ^ Figure 86 shows that at 29,0*" o 

* I have used the actual thickness, 10 cm., rather than the average 
thickness given in Figure 86 since most of the rays come in from above, 
i.e., radially. 
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feet at least 70 per cent (the actual figure is probably over 
90 per cent) of all the electron-rays existing at that alti- 
tude have energies under 570 million volts, this being, 
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Fig. 86. — Comparison of ionizations found at different elevations up 
to 29,000 feet in unshielded electroscope and ionizations in the same elec- 
troscope when surrounded with a lo cm. shield of lead. 

according to Anderson’s measurements, the energy re- 
quired to traverse 10 cm. of lead. Practically none of 
these electrons could have come in from outside the earth's 
atmosphere, since it requires at this latitude at least 4-billion- 
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Dolt electrons to get into the atmosphere through the earMs 
magnetic fields and the atmosphere above 2g^ooo feet could 
only have subtracted some 1.5 billion volts from this mini- 
mum of 4 billion. 

The argument is still more cogent when applied to 
stratosphere flights, and Figure 87 gives the correspond- 



Fig. 87. — Comparison of ionizations found in the Fordney-Settle 
flight in unshielded electroscope and in one shielded with 6 cm. of lead. 

ing observations made in the same way in the Fordney- 
Settle flight, the non-shielded readings being taken by us 
with one of our Neher electroscopes, while the lower curve 
gives the results obtained by Dr. A. H. Compton^ with his 
electroscope inside 6.0 cm. of lead. Figure 88 gives the 
lower limits taken from Figure 87 to the fraction of the 
electron-rays existing at each altitude the energy of which 
^ A. H. Compton and R. J. Stephenson, Phys. Rev., XVL (1934), 441. 
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must lie under 57X6 = 340 million electron-volts. It 
shows that from an elevation corresponding to a depth 
beneath the top of the atmosphere of about 6 meters of 
water, i.e., from Pike’s Peak up to a point but 60 cm. of 
water beneath the top, or 94 per cent of the total, not less 
than 70 per cent (probably more than 90 per cent) of the 
electron-rays have energies under 340 million volts and 
no one of these above 2 m. can possibly have come in 
from outside since at the least 2 billion volts are required 
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Fig. 88. — Showing the Umcr limit to the percentage of electrons exist- 
ing at a given depth beneath the top of the atmosphere that have energies 
under 340 million electron-volts. 


to get through the blocking effect of the earth’s field in 
latitude 52. Since the figures apply to the whole atmos- 
phere, i.e., both to field-sensitive and to non-field-sensi- 
tive parts of the ionization, we may conclude with cer- 
tainty, as stated in 1932," that “all hut a very small part of 
the ionization of the air is due to secondary rays produced 
within the atmosphere.” 

All of the field-sensitive part of this ionization is, of 
course, produced either directly or indirectly by incoming 
or extra-terrestrial electrons, from 75 per cent to 85 per 

^Phys. Rev., XLIIl (1933)1 f'^S- 
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cent of it (according to Section III) being indirect and due 
to the relatively non-penetrating secondaries produced by 
the incoming very high-energy electrons. Enough of 
these latter must be present of energies between 8 billion 
and 6 billion electron-volts to cause the 7 per cent sea- 
level latitude change found between Los Angeles and 
Panama, and enough of energies between 8 billion and 2 
billion to produce the high-altitude-latitude effect shown 
in Figure 81 between Panama and Spokane, for it is only 
energies in this range that can get through the blocking 
effect of the earth^s field. 

We are now in position to understand, too, the prob- 
able cause of the difference between the shapes of the 
curves shown in Figure 84. We have seen in Section IV 
that the great bulk of the higher energy electrons meas- 
ured by Anderson and Neddermeyer at sea level are sec- 
ondaries produced by the collisions of incoming photons 
with atomic nuclei. The number of these electrons that 
have energies above 4 billion electron-volts is much less 
than the number having energies between 4 billion and 2 
billion. A similar distribution must exist whether these 
same photons have produced their secondaries in the 
earth’s atmosphere or in the matter through which they 
have passed before entering the earth’s atmosphere. So 
that incoming electrons of energies between 4 and 2 billion 
volts are more numerous than those above 4 billion. Fur- 
ther, since 2-billion-volt electrons can only penetrate a 
third of the way through the atmosphere they must do all 
their ionizing above that level. This is why the ioniza- 
tion near the top of the curve representing the Fordney- 
Settle flight, made in magnetic latitude 52, is very much 
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larger than the ionization found in the two Bowen-Milli- 
Ican flights made at about magnetic latitude 42° where 
no electrons under about 4 billion volts can get through 
the blocking effect of the earth’s field. There is still, as 
the figure shows, some experimental uncertainty with re- 
spect to these lower curves of Figure 84, but not enough, 
I think, to change the main conclusions here drawn. 
Regener’s and Piccard’s magnetic latitudes, somewhat 
uncertain, are at least intermediate between 42° and 52° 
and their curves are also intermediate. 

I interpret also the shapes of the upper part of the 
curves obtained by Bowen and Millikan at latitude 42° 
and also by Regener and Piccard as due to the effect of 
the incoming electrons of energies between 4 billion and 
8 billion electron-volts. For there are now no longer 
present the incoming 2- to 4-billion-volt extra-terrestrial 
secondaries to add to the ionization of the underlying 
photons of energies under 340 million volts, such as are 
needed to produce the bulk of the observed non-field- 
sensitive ionization. Instead, the only incoming elec- 
trons that can get through the earth’s field into magnetic 
latitude 42° and produce the field-sensitive ionization 
found between 42° and 20° (Panama) are from 4 to 8 
billion ones, and these are approaching the energies at 
which they penetrate the entire atmosphere and are there- 
fore nearing the condition that gives rise to a linear law 
of increase of ionization with altitude instead of an ex- 
ponential one (see below). This, combined with the 
effect of incoming photons of energy under 500 million 
electron-volts, should give the reversals of curvature 
shown in the lower curves of Figure 84. 
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Figure 89 shows the results of the Fordney-Settle 
flight plotted on a log scale. This displays nicely (i) 
how from sea level (10 m.) up to the height of Pike’s 
Peak (6 m.) a sum of exponentials is needed to reproduce 
the observed ionization; (2) how a single absorption co- 
efficient, /i=o.S5, takes care of the ionization from 6 m. 
to 2.5 m. below the top despite the complex character of 
the causes at work in this region, i.e., relatively low- 
energy photons plus high-energy (8 billion to 2 billion 



Fig. 89.—- Showing the limits of validity in the upper atmosphere of 
the exponential rise of ionization, with coefficient m = o-55' 

volts) incoming electrons; (3) how, at a depth of about 
2-5 m. below the top, the constancy of the exponential 
rise with the coefficient, m = o-S 5> breaks down, presum- 
ably because of the effect of incoming extra-terrestrial 
secondary electrons. 

A clearer notion, however, of the bearing upon the na- 
ture of cosmic rays of measurements like the foregoing on 
both ionization and penetration as a function of altitude 
can be gained by considering such measurements made in 
the equatorial belt, where no incoming electrons of ener- 
gies under about 10 billion electron-volts can get through 
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the blocking effect of the earth’s field. As already indi- 
cated, Bowen, Millikan, and Neher' have made such ac- 
curate measurements in Panama up to 22,000 feet, and in 
Peru up to 19,000 feet. We found there an exponential 
rise up to 22,000 feet but with a coefficient, toward the top 
of the flight, of m=o.So instead of the coefficient 0.55 of 
the Fordney-Settle flight. No stick exponential rise is 
possible as a result of the ionizing influence of incoming elec- 
trons. Indeed, as heretofore indicated, Bowen, Epstein, 
and Langer have all shown independently that electrons 
of a given energy coming in from all directions and ionizing 
uniformly along their paths give rise to a linear rise in 
ionization measured upward from the level corresponding 
to the end of the range. 

Now since the resistance of the atmosphere is about 6 
billion volts, electrons of energies of 10 billion volts or 
more will have a range corresponding to a depth of nearly 
two atmospheres beneath the top of the atmosphere ; and 
since the secondaries produced by fast electrons have al- 
ready been shown to possess energies that are practically 
all under 100 million electron-volts, even these secon- 
daries may be considered as being produced uniformly 
along the paths of the hypothetical incoming lo-billion- 
volt ones. So that a linear law of increase of ionization 
from a depth of 8 or 10 meters of water below sea level up 
to the top of the atmosphere is the type of ionization to 
be expected from incoming electrons at the equator. 
This would mean an increase in ionization in going from 
sea level to 22,000 feet (4.5 meters) of some 60 per cent 
instead of the observed increase of some 1,000 per cent. 
This observed exponential rise constitutes one of the original 

‘Bowen, Millikan, and Neher, Phys. Rev., XHV (1933), *30. 
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and one of the most cogent arguments against the attempt to 
explain the non-field-sensitive portion of the cosmic-ray 
ionization as due in any major degree to incoming high- 
energy electrons. 

The argument from the penetrating powers as directly 
observed in the equatorial belt is equally cogent. Thus if 
lo-billion-volt electrons produce in an unshielded electro- 
scope at a given elevation, say 19,000 feet in Peru, a given 
amount of ionization, then when the electroscope is sur- 
rounded by a 10 cm. lead shield, even if no increase in 
secondary rays produced in the material of the shield en- 
tered the electroscope, since the lead would offer an in- 
significant resistance to the lo-billion-volt incoming elec- 
trons, the ionization within the electroscope should not be 
appreciably reduced by the presence of the shield. It is 
actually reduced to about one-third its unshielded value. 
These considerations speak quite as powerfully as those 
advanced in Section IV for the photon interpretation of 
the nature of the great bulk of the non-field-sensitive cos- 
mic-ray effects. Nevertheless, the observations pre- 
sented in the next section show that there are in fact a 
small number of incoming electrons of sufficient energy to 
reach the earth even in the equatorial belt. The first 
evidence that will be presented came from the discovery 
of the “longitude effect in cosmic rays.” 

VI. THE LONGITUDE AND THE EAST-WEST EEPECTS 
IN COSMIC RAYS 

In view of the difference obtained by different ob- 
servers in the measurement of the sea-level latitude effect, 
in January, 1934, we placed one of our self-recording elec- 
troscopes on Captain Hancock’s yacht, the “Valero HI,” 



Fig. — ^Automatic record taken by Neber electroscope on Captain Allan Hancock’s yacht, the “Valero IH’ 
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and sent it with him on a three- 
month’s cruise to Guayaquil and the 
islands off the coast of Equador. 
It required no attention save to have 
the clock wound once in two days. 
Because of the fact that Captain 
Hancock stopped for three separate 
weeks at different ports in the equa- 
torial belt and also for nine days in 
the Los Angeles harbor, the mean in- 
tensity in each one of these points, as 
well as in intermediate latitudes 
where his three-day stops were made, 
was determined with much greater 
accuracy than had theretofore been 
attained. Figure 90 shows a bit of 
the developed film. The rate of dis- 
charge during an hour’s run is given 
by the slope of each diagonal, line of 
this film. The mean of 24 of these 
slopes gives the mean intensity for 
that day and the mean of 24X 7 = 168 
slopes, the mean for a week. In the 
upper curve of Figure 91 is shown 
the final graph of Captain Hancock’s 
results. It is true that along this 
upper smooth curve are found also 
the readings obtained on other trips, 
but the findings on board the “Va- 
lero III,” easily distinguishable, were 
given peculiar weight in the fixing 
of the upper curve. The readings in 
Los Angeles harbor were nearly a 
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per cent lower (see Fig. 91) than the mean of the readings 
Dr. Neher and I took between Los Angeles and Seattle and 
also in New York; so that the total equatorial dip re- 
ferred to Los Angeles is just over 7 per cent, while referred 
to the mean values farther north it is, as shown, very 
close to 8 per cent. 

To see whether the sea-level variation between Mol- 
lendo, Peru, and the United States were different for an 
unshielded electroscope and one surrounded by a 10 cm. 
shield of lead, in May, 1934, Dr. Serge Korff, who had 
been making observations with our recording electro- 
scopes in Peru, brought one of them unshielded from 
Mollendo to Los Angeles. The result is shown in the 
upper curve of Figure 92. The equatorial difference, re- 
ferred again to the foregoing mean value, is here found to 
be 8.2 per cent. We thus have now the results of three 
different trips from Mollendo to Los Angeles and one 
more from New York through Panama to Los Angeles, 
and they all yield with great consistency and precision an 
equatorial dip in this region of 7 per cent ± r per cent re- 
ferred to Los Angeles, 8 per cent referred to the mean of 
many values farther north. These values are lower than 
those obtained by the groups headed by Dr. A. H. Comp- 
ton,^ but the method used and the care we have taken in 
studying the films gives us great confidence in their ac- 
curacy. The films are all preserved at the Norman 
Bridge Laboratory so that other observers who wish to 
check for themselves the results need only measure up in- 
dependently these films. 

^ A. H. Compton, Phys, Rev., XLIII (1933), 387. 
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In a precisely similar way in August of 1933 Dr. Neher 
and I placed one of our self-recording instruments in the 
captain’s room (inside its 10 cm. lead shield) on the Dol- 
lar Line ship, “President Garfield,” and three months 
later, after her return to Los Angeles following her world- 
cruise to the China coast, Singapore, the Red Sea, through 
the Mediterranean and the Atlantic to New York, and 
back to Los Angeles via Panama, we removed and de- 
veloped at Pasadena the film and found a good record 
until New York was reached. This record revealed to us 
(January 10, 1934) the “longitude effect.’”^ We then in 
June, 1934, placed one shielded and one unshielded Neher 
electroscope in the room of First Officer Graham, of the 
S.S. “Monterey” of the Matson Line, and got an excellent 
record both going and coming between Los Angeles and 
Sydney, Australia, in the case of the shielded electroscope, 
and a good record in the unshielded one on the way down. 
To Captain Allan Hancock, owner and captain of the “Va- 
lero III,” to First Officer Graham of the “Monterey” of 
the Matson Line, and to Captain Cullen of the “President 
Garfield” of the Dollar Line, all of whom kept our log as 
requested and wound our clocks with their chronometers, 
we owe the important discovery of the longitude effect 
in the cosmic rays. This was first announced publicly at 
the meeting of the National Academy of Sciences in 
Washington on April 24, 1934. All the results obtained 
from our records thus far taken are collected in Figures 91 

« A letter from Prof. J. Clay of Amsterdam informs me that it was 
discovered independently by him on a voyage to Batavia, September, 
1933 to January, 1934, very briefly referred to in Fhysicaj March, 1934, 
and more fully in Physica, August, X934. 
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and 92. It will be seen that the equatorial clip in inten- 
sity corresponding to the readings taken in the region of 
Sumatra is found to be 12 per cent instead of the 8 per 
cent dip found on the west coast of South America, while 
on the trip between Los Angeles and Sidney the ecjua- 
torial dip has, quite consistently, the intermediate value 
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Fig. 91. — The longitude effect taken with a shielded electroscope 


of 10 per cent. This lack of symmetry in the effect of the 
earth’s magnetic field appears to reflect the dissymmetry 
in that field itself, for not only does the line connecting the 
north and south magnetic poles of the earth run closer to 
the Americas than to Asia, but the surface value of the 
horizontal component of the earth’s magnetic field is 0.4 
gauss near Batavia, while it is but 0.3 gauss in the vicinity 
of Equador and Peru. In a word, the surface properties of 
the earth's magnetic field are here shown to he reflected in 
efects taking place thousands of miles above the surface, and 
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we are now for the first time in possession of the means of 
studying the properties of the field far out in space. 

From the standpoint of the cosmic rays we interpret 
this longitude effect as meaning that there must exist 
some few incoming electrons which have energies enough 
to get through the earth’s field at the magnetic equator on 
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Fig, 92.— “The longitude effect taken with an unshielded electroscope 

the South American side but which are blocked off by the 
stronger field on the opposite side of the earth. This 
means that there are at least a few incoming electrons of 
energies above 10 billion volts. 

Now it is precisely this small number of high-energy 
electrons coming into the equatorial belt that is needed to 
account for the so-called east-west effect first found by 
Johnson^ and Alvarez and Compton® in Mexico City, stud- 

^ T. H. Johnson, Mys, Rev., XUII (1933), 834, and XLV (1934), $69* 
“ Alvarez and Compton, iUd,, XL!!! (1933), 835. 




442 


THE ELECTRON 


ied by Rossi" and later found by Johnson to be as strong in 
Peru as in Mexico. The observations consist in attach- 
ing to a rigid system capable of rotating around a vertical 
axis two pairs of so-called counter tubes, one tube of each 
pair being set say a foot above the other. Suppose that 
the line connecting one pair of these tubes is set so as to 
make an angle of 45° with the vertical axis, and that the 
plane defined by this line and the vertical is an east-west 
plane, the line connecting the counters pointing upward 
to the west of the vertical. At the same time let the line 
connecting the second pair of counter tubes also lie in this 
plane and also make an angle of 45^^ with the vertical, but 
let it point upward to the east of the vertical. Such a 
pair of counter tubes will ‘^respond’’ or produce a signal 
every time one single electron shoots through both tubes. 
Now the number of responses of the counter-pair that 
points upward to the west of the vertical is actually found 
at Mexico City to be about 9 per cent larger than the 
number of responses in the pair pointing upward to the 
east. A similar effect was found in Peru, but only a rela- 
tively minute effect in the United States. This west ex- 
cess, amounting to a maximum of about 8 per cent (the 
maximum coming at 45°) at sea level in Peru, 16 per cent 
at an altitude of 14,350 feet, according to both Johnson^s" 
and KorfPs measurements,^ is interpreted as showing that 
there are more incoming positive electrons than negatives 
in Peru, these positives being bent by the earth’s field so 
that they strike the earth predominantly from the west. 

Since we had already obtained the evidence, as set 
forth above, that some 90 per cent of all the cosmic-ray 

^ B. Rossi, summary at Int Conf. on Physics, London, October. 1934.. 

^ Serge Korff, Phys. Rev., XL VI (1934), 74, 



THE NATURE OF THE COSMIC RAYS 443 

ionization of the atmosphere is due directly to secondary 
electrons within the atmosphere itself, we arranged with 
Dr. Korff to take to Peru in October, 1933, a new device 
for testing the east-west effect. The new element in this 
device was that it was capable of comparing the effect ob- 
tained when 30 cm. of lead was introduced above each 
pair of counters with the effect when the lead was not 
used. The result was that the west-east ratio was uniformly 
reduced by the insertion of the lead in such amount as to 
show that the effect was predominantly due to secondary 
electrons formed within the atmosphere; for, as already in- 
dicated, 30 cm. of lead could not have stopped appreci- 
ably any effects due directly to lo-billion-volt electrons, 
such as alone could have come from outside the earth into 
the equatorial belt. 

The very small number of electrons of 10 billion volts 
or more required to account for the longitude effect is 
quite adequate to account also for this east-west effect. 
For, since the maximum equatorial dip found in the 
measurement of the latitude effect was 12 per cent, and 
since the ionizing effect of each incoming particle has al- 
ready been shown to be multiplied five or six times by the 
secondaries it produces in the atmosphere, no more than 
about 2 per cent of the ionizing particles existing at sea 
level need have come in from outside to account for this 
12 per cent equatorial dip. 

The incoming electrons here in question may all be 
assumed to be positive, either arbitrarily, or better, from 
my point of view, because the highest energy photons 
which may be assumed to have produced them some- 
where in their travel through space tend to be absorbed 
by the nuclei of atoms, and in all nuclei positive electrons 
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of course predominate. Indeed, hydrogen nuclei contain 
no negatives at all, and hydrogen constitutes, according 
to Russell, more than 90 per cent of the universe. On the 
other hand, the lower energy photons will of course tend 
to be absorbed more in all substances by extra-nuclear 
electrons which are all negatives, for it is these extra-nu- 
clear electrons that are responsible for all the ionization 
described by the Klein-Nishina formula. The earth’s 
magnetic field then separates out the incoming electrons 
on the basis of energy, the lower energies, primarily nega- 
tives, coming in at the poles — the very highest energies, 
very few in number, being the only ones able to break 
through at the equator. In this connection it is interest- 
ing to note that in Anderson and Neddermeyer^s most re- 
cent and most extended study of the distribution in ener- 
gy and sign of the electrons passing through their cloud 
chamber, as presented at the London International Con- 
ference on Nuclear Physics in October, 1934,’^ positives 
and negatives are present in equal numbers in all ranges 
of energies from 300 million up to 3,000 million electron- 
volts, but above this range the positives seem to pre- 
dominate. Even if one takes his stand upon the pair 
theory and therefore assumes equality in the number of 
positives and negatives ^^created,’’ since the nucleus is 
positive it is natural to assume that the positive of the 
pair gets the bulk of the energy. Extra-nuclear nega- 
tives might make up the negative deficiency in the lower 
energy ranges, but not in the higher. 

But whatever the cause, the east-west effect requires 
that the incoming lo-billion-volt electrons that reach the 
earth in the equatorial belt be predominantly positives. 

* Anderson and Neddermeyer, Proc. Ink Fhys. Union, Dec. 1934 
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With the introduction of the further consideration that 
the secondaries, whether positives or negatives, produced 
by each one of these in their journey through the atmos- 
phere, must be distributed uniformly in direction about 
the line of direction of the parent incoming electron, i.e., 
must follow in the mean that parent-electron’s direction, 
especially at these enormous energies, it will be seen that 
the 2 per cent of incoming high-energy electrons men- 
tioned above becomes, with its five-or six-fold progeny of 
secondaries, lo per cent or 12 per cent, so far as producing 
a west excess is concerned. Since the maximum west ex- 
cess found at sea level in Peru is about 8 per cent, it is 
clear that the electrons that produce the longitude effect 
are entirely adequate to produce also the observed east- 
west effect. The above-mentioned tendency of the 
secondaries to follow the direction of the primary as the 
energy of the primary increases is nicely shown by a 
comparison of Figs. 18, 19, 20 (p. 192), with C. T. R. 
Wilson’s photograph, opposite p. 200. 

Further, it is precisely the above mentioned smallness 
in the required number of incoming positives that is 
needed to remove the contradiction heretofore existing 
between the demands of the east-west effect for a large 
excess of positives at sea level and Anderson’s direct de- 
termination of the general equality at all energies up to 3 
billion volts in the numbers of positives and negatives 
passing through his cloud chamber as shown in Figure 93. 
The from i to 3 per cent of ionization that must be at- 
tributed to the direct effect of incoming lo-billion-volt 
positives to account for the from 6 to 18 per cent west 
excess observed in Johnson’s and Korff’s Peru work with 
counters involves an excess of positives wholly negligible 
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in Anderson’s work. The remaining 98 per cent of An- 
derson’s observed tracks may then all be due to the re- 
lease from terrestrial atoms by incoming photons of elec- 
trons which with that origin may well be equally dis- 
tributed between positives and negatives. 



Fig. cj3.' — Distribution in energy of tbe positive and negative electrons, 
point on the curve represents the number of tracks in the corre- 
sponding half-billion-volt interval. The photographs were taken by the 
“random” method (not Geiger-Counter controlled). 

This whole group of latitude, longitude and east-west 
effects here presented put certain fairly definite require- 
ments upon the origin of the cosmic rays. 

VII. THE INTERCONVERTIBILITV OF MASS AND ENERGY 

The conclusion of the preceding sections that the non- 
field-sensitive part of the cosmic rays consists primarily of 
photons rests upon the two fundamental postulates, 
namely, (i) the validity of the analysis of Stdrmer, Epstein 
and LeMaitre-Vallerta as to the effect of the earth’s mag- 
netic field on incoming electrons; and (2) the validity of 
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the evidence that, in general, the immediate ionizing 
agents in the production of cosmic-ray ionization are free 
positive and negative electrons, other ionizing agents not 
being necessarily absent entirely but at any rate exerting a 
negligible influence. The general qualitative validity of 
the first postulate will scarcely be questioned, and its 
quaniitative validity is not of vital importance. For ex- 
ample, if the energies necessary to get through the earth’s 
magnetic field were but half those computed by Epstein, 
the whole scale of electron energies would be reduced one- 
half without fundamentally modifying the reasoning or 
the conclusions. 

The second postulate that the immediate ionizing 
agents are electrons (+ and — ) rests upon the excellent 
evidence presented in Section I; but for energies above say 
1.5 billion electron-volts even this distinction becomes 
unimportant, since in these ranges protons and electrons 
should be practically alike in ionizing power and not seri- 
ously different in deflectability. So that the conclusion 
seems inescapable that the whole non-field-sensitive por- 
tion of the ionization cannot possibly be due either to in- 
coming electrons or protons of an energy of the order of 
10 billion volts and more, and yet these are the only 
charged particles of even remotely possible properties 
which the earth’s magnetic field permits to penetrate into 
the equatorial belt. The very fact, then, that we need 
incoming photons at all (and even the photographs seem to 
demand this much) to interpret cosmic-ray effects appears 
to eliminate the possibility that the source of the cosmic 
rays is to be found in cosmic electrical fields which impart 
these lo-billion-volt energies to electrons that fall through 
them. 
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So far, then, as we can now see, the only remaining 
possible source of these observed energies— the only other 
source that has even been suggested by anyone— lies in 
tlie theory of the convertibility of mass into radiant 
energy. The history of this theory is as follows. It was 
originally suggested by astronomers^ because they could 
see no other way to account for the enormous quantities 
of heat that have been continuously pouring out from 
the stars in the billions of years during which we have 
evidence that they have been in existence. It was several 
years earlier than this, however, that the experimental 
physicist had begun to get direct laboratory evidence in 
his experiments on the pressure exerted by light, on the 
variability of mass with speed,^ etc. (see p. i88) for such 
inter convertibility, and in 1905 Einstein deduced, as one 
of the most important consequences of his special theory 
of relativity, the equation which should govern such con- 
version, namely, E = mc^, 

This made it possible to compute from the known 
mass of the hydrogen atom and the known masses of the 
common elements like oxygen or silicon the amount of 
energy released when one of these common elements is 
produced by the union of the requisite number of hydro- 
gen atoms, since, for example, 16 atoms of hydrogen actu- 
ally weigh 0.8 per cent more than does an atom of oxygen. 
This sort of a hypothesis as to the origin of the heat of 
the stars was soon after suggested. It was elaborated at 

^ Jeans, Nature^ LXX (1904), loi. See also “History of Research 
in Cosmic Rays, Millikan,” ihid., CXXVI (1930), 14. 

3 W. Kaufmann, 1901-06. See r6sum6 Ann. der Phys., XIX (1906), 

487. 
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length by Harkins in 1915/ A little later, ^ in order to 
permit of still greater stellar lifetimes, this hypothesis 
of the “partial transformation” of the mass of hydrogen 
atoms into radiant energy by the building up of the 
heavier atoms was extended so as to include the case of 
the complete annihilation of matter and the release in the 
interior of the star of the corresponding amount of radiant 
energy, and this theory of the transformation, partial or 
complete, of matter into radiant energy soon became 
recognized as orthodox astronomical theory. 

Similarly, when the experiments of Cameron and my- 
self convinced us of the enormous penetrability of indi- 
vidual cosmic rays, we could see no reasonable way of 
accounting for what we computed to be the corresponding 
energies except by this same process of the transforma- 
tion of mass into radiant energy, and in particular we 
computed that the chief components of the cosmic rays 
had energies of about the right magnitude to correspond 
to the theory of the building up of the common elements 

helium, oxygen, silicon, and iron — out of hydrogen; 

while the energy computed by means of the Einstein 
equation from the complete annihilation of any of the 
common elements, even of hydrogen, (a billion electron- 
volts), was much too high to fit, in any event, our esti- 
mated energy of the least penetrating component, which 
actually produces 90 per cent of the ionization of the 
atmosphere. 

In order to account for the uniformity of distribution 
of the cosmic rays over the celestial dome we tried to 

^ Harkins, FML Mai>, XXX (1915), 723. 

Eddington, Nat, me, XCIX (1917), 445. 
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devise a theory to explain how this building up of the 
common elements out of hydrogen might be taking place 
in interstellar space. At that time we thought it probable 
that the more penetrating components corresponded in 
the same way to the building up of heavier and rarer ele- 
ments, the computed energies released in the building of 
which might rise in the case of uranium to the value of 
1.8 billion electron-volts, and we saw no reason, then, for 
assuming that the act of complete annihilation ever took 
place in interstellar space, although we were quite willing 
to follow the astronomers in assuming that it might take 
place in the interior of the stars, and thus account for their 
long lifetimes. 

The situation on January i, 1935, is that our newer 
experiments detailed above have shown the invalidity of 
the theoretical Klein-Nishina formula on which we at 
first depended, but at the same time they have given us 
more direct and more certain knowledge than we had 
before of the order of magnitude of the energy contained 
in this chief component, though this knowledge is still 
far from quantitative, so that there is the same reason 
now for assuming this building up process that there has 
ever been. 

It is important, too, to observe that in so far as this 
evidence is based on energy considerations it is quite inde- 
pendent of all questions as to the nature of the radiations 
themselves, i.e., as to whether they come in to us as 
photons or electrons. In fact, the whole evidence in 
favor of the hypothesis that the act of the building up of 
one or more of the common elements out of hydrogen in 
interstellar space may be summarized in the following 
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statements, all of which are just as applicable to cosmic 
ray electrons as to photons: 

1. Hydrogen actually constitutes a very large fraction 
of the universe. 

2. The whole mass of isotope data constitutes excel- 
lent evidence that somewhere at some time or other the 
heavier elements have actually been built up out of 
hydrogen. 

3. The energy so released computed from Einstein’s 
equation has seemed before, and it seems now, to be of 
the right order of magnitude to account for the chief com- 
ponent of the observed rays. 

4. The absence of any appreciable effect of the sun or 
the Milky Way, or any particular nebulae, points toward 
interstellar space as the most natural source of origin. 

5. The extreme conditions of temperature and pres- 
sure existing in interstellar space ought to be conducive 
to more difficult “condensation-processes" than can be ob- 
served at the higher temperatures existing on the earth 
and in the stars. 

Some have called this hypothetical act of the building 
up of the common elements out of hydrogen “the creation 
of matter." So far as I know I have never myself used 
that phrase, though it has a certain appropriateness 
since the possibility of the building up of new worlds of 
the type of ours is suggested. In a foregoing chapter I 
have called it “the partial annihilation of matter,” since 
from a thermodynamic standpoint this is precisely what 
it is. 

But the newer experiments discussed above have also 
brought forth new, direct, and convincing evidence of the. 
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existence of cosmic rays of very much higher energies than 
those of this chief component. In the past we have only 
been able to make guesses, or at best very uncertain esti- 
mates, as to the values of the energies of these most pene- 
trating components. Now, however, both Anderson and 
Neddermeyer, and Kunxe have actually measured ener- 
gies up to 6 billion volts, and the longitude and east-west 
effects described above have made it necessary to assume 
that some of the incoming rays have energies even, higher 
than 10 billion electron-volts. Energies of this sort are 
far higher than those that can be obtained by the 
processes of atom-building even in the cases of the 
heaviest elements. Indeed, as indicated in chapter xiii, 
10 billion electron-volts is an energy close to that which, 
in accordance with the Einstein equation, would be pro- 
duced by the sudden complete transformation of the 
whole mass of a carbon atom into radiant energy. And 
if, as is at least possible, some of these enormously 
powerful rays have energies of i6 billion electron-volts 
this would correspond to the total energy that would be 
transformed if a complete atom of oxygen, far and away 
the most common of all the elements except hydrogen, 
were suddenly annihilated in the sense that its mass was 
completely transformed into a single photon or projected 
electron. Just such a transformation could not take 
place without violating the momentum principle (third 
law), but if we assume two 8-billion-volt photons (or 
electrons) going off in opposite directions we avoid this 
difficulty. In the same way we can imagine two 14- 
billion photons produced by the annihilation of silicon, 
another common element of atomic weight 28. 

That such a complete annihilation of the whole of an 
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atom can take place at all will be doubted by many 
physicists and astronomers, and I am far from asserting 
that it does. Nevertheless, it is true that there is no 
other source now in sight that can yield the cosmic-ray 
energies that we actually observe. One can take this 
merely as evidence of the depth of our ignorance of the 
origin of these cosmic rays, or, if he is so inclined, he can 
take it as evidence that such annihilation processes actu- 
ally take place, and I have in chapter xiii made some 
speculations as to how it might be possible both for the 
partial and complete annihilation processes to be taking 
place in interstellar space. 

Some might even raise the question as to the legiti- 
macy of using the Einstein equation as a basis for such 
energy computations, but it will have been observed that 
this is precisely what has been done in the discussion of 
the problem of the transmutation of the elements in the 
preceding chapter, and that the results based upon this 
assumption have there been rather remarkably checked 
experimentally. So that the validity of this equation for 
revealing the energy to be expected when matter is trans- 
formed into radiant energy is now more thoroughly 
established than it was a few years ago.^ 

"There is a further type of speculation in which the 
public seems to be much interested but which it is im- 
jmrtant to keep entirely distinct from the foregoing con- 
siderations, for all the processes of partial or complete 
mass-transformation thus far suggested are such as would 
be in line with the assumption of the universal validity 
of the second law of thermodynamics. This law asserts 
in substance that so far as our experience here on earth 
goes the energy of lifted weights tends to be transformed 
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in general into heat and thus to escape from man’s con- 
trol through the radiation process. In other words, the 
potential energy of separated attracting bodies tends to 
go off into radiant energy when the two bodies come to- 
gether. This “Second Law” is classically and simply 
stated in the Humpty-Dumpty rhyme. If this law, which 
represents merely man’s experience here on earth, were 
applicable to the universe as a whole, then the universe 
would indeed be tending toward what has been called 
the “heat death,” or the final extinction of activity of all 
sorts. To take a particular illustration, if the universe is 
now mostly hydrogen, and if the mass of hydrogen atoms 
is being all the time transformed into radiant energy, the 
time must sometime come when all the hydrogen has been 
destroyed. Some scientists and philosophers have then 
wished to raise the question of the possibility of the re- 
plenishment of this vanishing hydrogen by the retransfor- 
mation somewhere of this radiant energy back into atoms 
of hydrogen. This is a question upon which there has 
never existed any experimental evidence of any sort, 
though we seem to be “getting a little warmer” now than 
we used to be. Thus, some may think it suggestive in 
this connection that, as I once pointed out, cosmic rays 
are apparently coming into the earth from all over the 
celestial dome, while radiant energy is continuously being 
lost from the earth to the celestial dome. Others, also, 
may hnd it suggestive that, as indicated in chapter xiv, 
the creation of a positive-negative electron pair out of 
a gamma ray is actually a case of the temporary trans- 
formation of radiant energy— gamma rays— back into the 
potential energy of separated positive and negative elec- 
trons, i.e., back into the form of ordinary mass. Since, 
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however, in general, this positive electron seems to exist 
as such only for an infinitesimal time (a time long enough 
for it to lose most of its kinetic energy through its ionizing 
capacity, say seconds), and then to have its mass re- 
transformed into the energy of a half-million-volt gamma 
ray, it is quite clear that on the average there is not in 
this process of pair formation any permanent return of 
energy to the potential form. On the other hand, the 
denial of the possibility of such transformation anywhere 
in the universe on the basis of our experience here on the 
earth’s surface represents, from my point of view, a use 
of ^Hhe dogma of the heat death of the universe,” which is 
quite akin to the use of the worst form of ecclesiastical 
dogma, and I have myself not hesitated to express dis- 
approval of both kinds of dogmatism. Thus, the dogma 
of the heat death rests squarely on the assumption that 
we infinitesimal mites on a speck of a world know all 
about how the universe behaves in all its parts, or more 
specifically, that the radiation laws that seem to hold here 
cannot possibly have any exceptions anywhere, even 
though that is the sort of sweeping generalization that has 
led physicists into error half a dozen times during the past 
thirty years, and also though we know quite well that 
conditions prevail outside our planet which we cannot 
here duplicate or even approach. This is why I think the 
dogma of the heat death has always been treated with 
reserve by the most thoughtful of scientists. No more 
crisp nor more cogent statement of what seems to me to 
be the correct position of science in this regard has come 
to my attention than is found in the following quotation 
from G. N. Lewis: ^^Thermodynamics gives no support 
to the assumption that the universe is running down 
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Gain in entropy always means loss of information and 
nothing more.’^ 

In any case, the cosmic rays up the present have 
no significant bearing upon the question as to whether the 
universe is ultimately running down or whether there are 
processes which keep it in equilibrium. These are ques- 
tions which at present must be left to the philosopher and 
metaphysician. 
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no FROM MOBILITIES AND DIFFUSION COEFFICIENTS 

If we assume that gaseous ions, which are merely 
charged molecules or clusters of molecules, act exactly 
like the uncharged molecules about them, they will 
tend to diffuse just as other molecules do and will exert 
a partial gas pressure of exactly 
the same amount as would an 
equal number of molecules of any 
gas. Imagiire then the lower part 
of the vessel of Fig. 94 to be filled 
with gas through which ions are 
distributed and imagine that these 
ions are slowly diffusing upward. 
Let n' be the ionic concentration, 
i.e., the number of ions per cubic 
centimeter at any distance x from 
the bottom of the vessel. Then 
the number N of ions which pass 
per second through i sq. cm. taken perpendicular to x at 
a distance x from the bottom must be directly propor- 

dn' 

tional to the concentration gradient and the factor 

of proportionality in a given gas is by definition the 
diffusion codlicieut D of the ions through this gas, i.e., 

''-■Os M 

But since iV is also equal to the product of the average 
velocity V with which the ions are streaming upward at 
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X by the number of ions per cubic centimeter at i.e., 
since N=n'V, we have from equation (42) 

dx ' 

The force which is acting on these w'-ions to cause this 
upward motion is the difference in the partial pressure 
of the ions at the top and bottom of a centimeter cube at 

the point x. It is, therefore, equal to ^ d3mes, and the 

ratio between the force acting and the velocity produced 
by it is 

dp 

dx 

Ddji^- 
v! dx 

Now this ratio must be independent of the particular 
type of force which is causing the motion. Imagine then 
the same ;^'~ions set in motion, not by the process of 
diffusion, but by an electric field of strength jP. The 
total force acting on the «'-ions would then be Fen', 
and if we take v as the velocity produced, then the 
ratio between the force acting and the velocity pro- 
F en' 

duced will now be . By virtue then of the fact 

that this ratio is constant, whatever kind of force it 
be which is causing the motion, we have 

dp 

Fen' dx 


V D^dn' 
n' dx 


(43) 
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Now if z»« denote the velocity in unit field, a quantity 

V 

which is technically called the “ionic mobility,” ^ = Vo. 
Again since the partial pressure p is proportional to n', 


dp dn' 


i.e., since p=Kn', it follows that -— = 


equation (43) reduces to 


P 


Hence 


or 


en _ I 
», ~D 
P 


r> ^ 

Vo=De-- . 

P 


.(44) 


But if we assume that, so far as all pressure relations 
are concerned, the ions act like uncharged molecules 
(this was perhaps an uncertain assumption at the time, 
though it has since been shown to be correct), we have 

— in which « is the number of molecules per cubic 

P ^ 

centimeter in the air and P is the pressure produced by 
them, i.e., P is atmospheric pressure. We have then 
from equation (44) 


( 45 ) 
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TOWNSEND’S FIRST ATTEMPT AT A DETER- 
MINATION OF e 

Figure 95 shows the arrangement of apparatus used. 
The oxygen rising from the electrode E is first bubbled 
through potassium iodide in 4 to remove ozone, then 
through water in B to enable the ions to form a cloud. 
This cloud-laden air then passes through a channel in a.^ 
electrical insulator — a paraffin block P — into the tubes 



Fig. 95 


c, d, e, which contain concentrated sulphuric acid. These 
drying tubes remove all the moisture from the air and 
also such part of the charge as is held on ions which in 
the process of bubbling through c, d, e have actually 
touched the sulphuric acid. The dry air containing the 
rest of the charge passes out through a channel in the 
paraffin block P' into the flask D. (If the gas being 
studied was lighter than air, e.g., hydrogen, D was of 
course inverted.) The outside of D is covered with tin 
foil which is connected to one of the three mercury cups 
held by the paraffin block P". If the air in D contained 
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at first no charge, then an electrical charge exactly 
equal to the quantity of electricity which enters the flask 
D will appear by induction on the tin-foil coating which 
covers this flask and this quantity y, can be measured by 
connecting the mercury cup 2 to cup 3 which is connected 
to the quadrant electrometer Q, and observing the deflec- 
tion per minute. Precisely similarly the total quantity 
of electricity which is left per minute in the drying tubes 
c, 'f, e is exactly equal to the quantity which appears by 
hiduction on the outer walls of the hollow metal vessel G, 
which surrounds the tubes c, d, e. This quantity q, can 
be measured by connecting mercury cup i to cup 3 and 
observing the deflection per minute of the quadrant 
electrometer. The number of cubic centimeters of gas 
which pass through the apparatus per minute is easily 
found from the number of amperes of current which are 
used in the electrolysis apparatus E and the electro- 
chemical equivalent of the gas. By dividing the quan- 
tities of electricity appearing per minute in D and G by 
the number of cubic centimeters of gas generated per 
minute we obtain the total charge per cubic centimeter 
carried by the cloud. 

The increase in weight of the drying tubes c, d, e per 
cubic centimeter of gas passing, minus the weight per 
cubic centimeter of saturated water vapor, gives the 
weight of the cloud per cubic centimeter. This completes 
the measurements involved in (2) and (3), p. 47. 

As to (4), p. 48, the average size of the droplets 
of water Townsend found by passing the cloud emerging 
from B into a flask and observing how long it took for 
the top of the cloud to settle a measured number of 
centimeters. The radius of the drops could then be 
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obtained from a purely theoretical Investigation made 
by Sir George Stokes/ according to which the velocity 
of fall of a spherical droplet through a gas whose co- 
efficient of viscosity was rj is given by 


in which cr is the density of the droplet. From this 
Townsend got the average radius a of the droplets and 
computed their average weight m by the familiar formula 

w=-7raV. He was then ready to proceed as in (5), 
3 

see p. .48. 

' Lamb, Hydrodynamics, 1895 , P- 533- 
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THE BROWNIAN-MOVEMENT EQUATION 


A very simple derivation of this equation of Einstein 
has been given by Langevin of Paris^ essentially as 
follows: From the kinetic theory of gases we have 
PV= RT =lNmc^ in which c* is the average of the squares 
of the velocities of the molecules, N the number of 
molecules in a gram molecule, and m the mass of each. 
Hence the mean kinetic energy of agitation E of each 

- 3 i2r 

molecule is given by . 

Since in observations on Brownian movements we 
record only motions along one axis, we shall divide the 
total energy of agitation into three parts, each part 
corresponding to motion along one of the three axes, 

dx 

and, placing the velocity along the a;-axis equal to ^ , 
we have 


E 

3 



RT 

N 


(46) 


Every Brownian particle is then moving about, according 
to Einstein’s assumption, with a mean energy of motion 

RT 

along each axis equal to . This motion is due to 

molecular bombardment, and in order to write an 
equation for the motion at any instant of a particle 
subjected to such forces we need only to know (i) the 

* Comptes Rmdm^ CXLVI (1908), 530. 
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value X of the a;-component of all the blows struck by 
the molecules at that instant, and (2) the resistance 
offered by the medium to the motion of the particle 
through it. This last quantity we have set equal to Kv 
and have found that in the case of the motion of oil 


droplets through a gas K has the value dTrrya 



—I 


We may then write the equation of motion of the particle 
at any instant under molecular bombardment in the form 





(47) 


Since in the Brownian movements we are interested only 
in the absolute values of displacements without regard 
to their sign, it is desirable to change the form of this 

(dx\^ 

equation so as to involve and ( ) . This can be done 

by multiplying through by x. We thus obtain, after 

/dx\^ 

\Jt) ^ 


substituting for x~^ its value \ 


m d^(c^) 
2 dt^ 


/dx\^ 


Kdja^) 
2 dt 


‘Xx, 


.(48) 


Langevin now considers the mean result arising from 
applying this equation at a given instant to a large 
number of different particles all just alike. 

Writing then z for in which denotes the mean 
at 

of all the large number of different values of x*, he gets 
RT (dxY 

after substituting for , and remembering that 
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in taking the mean, since the X in the last term is as 
likely to be positive as negative and hence that X:^=o, 

m ^ 

2 dt N 2 * 


Separating the variables this becomes 



which yields upon integration between the limits o and r 


2Rr 
' NK'^ 


■Ce 


•(49) 


For any interval of time r long enough to measure this 
takes the value of the first term. For when Brownian 
movements are at all observable, a is cm. or less, 
and since K is roughly equal to bxrya we see that, 
taking the density of the particle equal to unity. 


K~“ 6w. 00018X io“4 


Hence when r is taken greater than about lo-* seconds, 

rapidly approaches zero, so that for any measurable 
time intervals 

aRT 
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and, letting Ax^ represent the change in in the time r 


Ax^= 


2RT 

nk'" 


(so) 


This equation means that if we could observe a large 
number n of exactly similar particles through a time r, 
square the displacement which each undergoes along 
the x-di,xis in that time, and average all these squared 

2RT 

displacements, we should get the quantity 

we must obviously obtain the same result if we 
observe the same identical particle through ^^-intervals 
each of length r and average these /^-displacements. The 
latter procedure is evidently the more reliable, since 
the former must assume the exact identity of the 
particles. 
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THE INERTIA OR MASS OF AN ELECTRICAL CHARGE 
ON A SPHERE OF RADIUS a 

If Fig. 96 represents a magnet of pole area whose 
two poles are i cm. apart, and have a total magnetization 
M, a density of magnetization <r, and a field strength 
between them of H, then the work necessary to carry a 
unit pole from M to M' is Ed, and the work necessary 
to create the poles M and M', i.e., to carry 
M units of magnetism across against a 
H . HMd „ 

mean field strength “is 2 ’ 

the total energy Ex of the magnetic field 
is given by 

EA^d 


M 


M 


Fig. 96 


EMd 

Lx- - 

2 


but since /i’ = 4xcr 




E^Ad 

Stt = 


or since Ad is the volume of the field the energy L per 
unit volume of the magnetic field is given by 



(51) 


Now the strength of the magnetic field at a distance r 

. ev 

from a moving charge in tlie plane of the charge is 

if e is the charge and v its speed. Also the magnetic field 
strength at a point distant r 6 from the charge, 6 being 
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the angle between r and the direction of motion, is 
given by 


Hence the total energy of the magnetic field created by 
the moving charge is 



in which r is an element of volume and the integration 
is extended over all space. But in terms of v, 0, and <i>- 


dr=rdO, dr, r sin 6d4> 
/. Total energy= 


Stt 


‘ fsin^^. Hdr r . 

(L/a %J o %Jo 


sin 3 6d0 = 


3 ^ ‘ 


Since kinetic energy the mass-equivalent m of 

the moving charge is given by setting 


3a 

. 2 e* 

. fW== 

3 « 


( 52 ) 


The radius of the spherical charge which would have a 
mass equal to the observed mass of the negative electron 
is found by inserting in the last equation 0' = 4 . 770 X 10”“^° 
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electrostatic units= i. 591X10“" electromagnetic units 

€ 

and — = I- 757X10^ electromagnetic units. This gives 
a= I -qX io“‘3 cm. 

The expression just obtained for m obviously holds 
only so long as the magnetic field is symmetrically 
distributed about the moving charge, as assumed in the 
integration, that is, so long as v is small compared with 
the velocity of light. When v exceeds . i the speed of 
light c, the mass of the charge begins to increase measur- 
ably and becomes infinite at the speed of light. According 
to the theory developed by Lorentz, if the mass for slow 
speeds is called nto and the mass at any speed v is called 
m, then 



This was the formula which Bucherer found to hold 
accurately for the masses of negative electrons whose 
speeds ranged from . 3 to .8 that of light. 
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MOLECULAR CROSS-SECTION AND MEAN 
FREE PATH 

If there is one single molecule at rest in a cubical 
space I cm. on a side, the chance that another molecule 
which is shot through the cube will impinge upon the 

one contained is clearly — in which d is the mean 

diameter of the two molecules. If there are n contained 
molecules the chance is multiplied by n, that is, it 

becomes . But on the average the chance of an im- 
pact in going a centimeter is the number of impacts 
actually made in traversing this distance. The mean 
free path I is the distance traversed divided by the num- 
ber of impacts made in going that distance. Hence 




I 


(S4) 


This would be the correct expression for the mean free 
path of a molecule which is moving through a group of 
molecules at rest. If, however, the molecules are all in 
motion they will sometimes move into a collision which 
would otherwise be avoided, so that the collisions will be 
more numerous when the molecules are in motion than 
when at rest — ^how much more numerous will depend 
upon the law of distribution of the speeds of the mole- 
cules. It is through a consideration of the Maxwell 
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distribution law that the factor 2 is introduced into 
the denominator (see Jeans, Dynamical Theory of Gases) 
so that equation (54) becomes 




I 

2mrd^ 


( 55 ) 
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NUMBER OF FREE POSITIVE ELECTRONS IN THE 
NUCLEUS OF AN ATOM BY RUTHERFORD’S 
METHOD 

If N represents the number of free positive electrons 
in the nucleus, e the electronic charge, E the known 
charge on the a-particle, namely ae, and the 

known kinetic energy of the a-particle, then, since the 
inertias of the negative electrons are quite negligible in 
comparison with that of the a-particle, if the latter 
suffers an appreciable change in direction in passing 
through an atom it will be due to the action of the 
nuclear charge. If b represents the closest possible 
approach of the a-particle to the center of the nucleus, 
namely, that occurring when the collision is "head on,” 
and the a-particle is thrown straight back upon its 
course, then the original kinetic energy must equal 
the work done against the electric field in approaching 
to the distance b, i.e.. 


imV‘= 


NeE 


(S6) 


Suppose, however, that the collision is not "head on,” 
but that the original direction of the a-particle is such 
that, if its direction were maintained, its nearest distance 
of approach to the nucleus would be p (Fig. 97). The 
deflection of the o-particle will now be, not 180°, as 
before, but some other angle <p. It follows simply from 
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the geometrical properties of the hyperbola and the 
elementary principles of mechanics that 



Fig. 97 


For let PAP' represent the path of the particle and let 
PC) A =0. Also let V = velocity of the particle on entering 
the atom and v its velocity at A . Then from the con- 
servation of angular momentum 
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and from conservation of energy 




NeE 
^ SA 


■■ ■'-''■(-s) 


•( 59 ) 


Since the eccentricity 6= sec 0, and for any conic the focal 
distance is the eccentricity times one-half the major 
axis, i.e., SO=OA- e, it follows that 

54=3'0-t-0^=50^i-|-i^ = /> C5c0(r-l-cos 6) = pcot-^ . 

But from equations (58) and (39) 

p^=‘SAiSA—b)=p cot- ip cot-— 6j 

h=2p cot 9 (60) 


and since the angle of deviation </> is ir— 20, it follows 
that 


cot 




(61) Q.E.I). 


Now it is evident from the method used in Appen- 
dix E that if there are n atoms per cubic centimeter 
of a metal foil of thickness ty and if each atom has a 
radius i?, then the probability M that a particle of size 
small in comparison with R will pass through one of 
these atoms in shooting through the foil is given by 


M^TrE?ni. 
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Similarly the probability m that it will pass within a 
distance p of the center of an atom is 

m=rrp^nL 

If this probability is small in comparison with unity, it 
represents the fraction p of any given number of particles 
shooting through the foil which will actually come within 
a distance p of the nucleus of an atom of the foil. 

The fraction of the total number which will strike 
within radii p and p-\-dp is given by differentiation as 

dm = itrpnt • dp 

but from equation ( 57 ) 

dp= --^csc^ —d<p 
^22 

dm= cot ~ csc^-d<l>, 

4 22 

Therefore the fraction p which is deflected between the 
angles d>i and 4>^ is given by integration as 

p = -nih^ {cot^ ^ — cot’ 

It was this fraction of a given number of a-particles 
shot into the foil which Geiger and Marsden found by 
direct count by the scintillation method to be deflected 
through the angles included between any assigned limits 
<b^ and 4>2. Since n and t are known, b could be at once 
obtained. It was found to vary with the nature of the 
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atom, being larger for the heavy atoms than for the 
lighter ones, and having a value for gold of 3 . 4X io~” cm. 
This is then an upper limit for the size of the nucleus of 
the gold atom. 

As soon as h has thus been found for any atom, 
equation (56) can be solved for iV, since £, e, and 
are all known. It is thus that the number of free positive 
electrons in the nucleus is found to be roughly half the 
atomic weight of the atom, and that the size of the 
nucleus is found to be very minute in comparison with 
the size of the atom. 
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BOHR’S THEORETICAL DERIVATION OF THE VALUE 
OF THE RYDBERG CONSTANT 

The Newtonian equation of a circular orbit of an 
electron e rotating about a central attracting charge £, 
at a distance a, with a rotational frequency n, is 


eE 


= (27r^)“ma ( 02 ) 


eE 


The kinetic energy of the electron is ^m{ 27 rnay 

The work required to move the electron from its orbit 

aJS , > V .eE 

to a position at rest at infinity is — — im(27rna)“ = f— . 

If we denote this quantity of energy by T, it is seen at 
once that 

eE 
2a— - 


and 


(63) 


■Ei/' 


7 re. 


m 


If we combine this with (37), p. 213. there results at once 


: 


2a = 




^'rrHneE 


T%1 


■(64) 


Upon change in orbit the radiated energy must be 
^ 2Tr^me^E^(i 
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and, if we place this equal to hv, there results the Balmer 
formula (34), p. 210, 


’-"(s-s) 


in which 


N = 2 T^e^E^ 


Since for hydrogen £ = we have 


And from (64) 


_ 2T^me^ 
~ hi 

4Tr^ nie^ • 
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A. H. COMPTON’S THEORETICAL DERIVATION OF THE 
CHANGE IN THE WAVE-LENGTH OF ETHER- 
WAVES BECAUSE OF SCATTERING BY 
FREE ELECTRONS 

Imagine, as in Fig. 42^!, that an X-ray quantum of 
frequency v^, is scattered by an electron of mass m. The 
momentum of the incident ray will be hva/c^ where c is 
the velocity of light and h is Planck’s constant, and that 




of the scattered ray is hvf,/c at an angle d with the 
initial momentum. The principle of the conservation of 
momentum accordingly demands that the momentum 
of recoil of the scattering electron shall equal the vector 
difference between the momenta of these two rays, as in 


479 



480 


THE ELECTRON 


Fig. 42i?. The momentum of the electron, m^c/V i 
is thus given by the relation 


m^c 

Vi-p' 




where p is the ratio of the velocity of recoil of the electron 
to the velocity of light. But the energy hve in the scat- 
tered quantum is equal to that of the incident quantum 
hua less the kinetic energy of recoil of the scattering 
electron, i.e., 

kve=hva—md‘{ —^1 i ) (66) 

We thus have two independent equations containing 
the two unknown quantities and On solving the 


equations we find 

«'9=)'o/(i+2a sm“ |0), (67) 

where 

a= hvu/md‘=hfTnc\^ (68) 

or, in terms of wave-length instead of frequency, 

'ke=K,-\-{2h/mc) sin' (69) 

Substituting the accepted values of h, m, and c, 

X«—Xo= AX =0.0484 sin' ^6 (70) 



APPENDIX I 

THE ELEMENTS, THEIR ATOMIC NUMBERS, ATOMIC 
WEIGHTS, AND CHEMICAL POSITIONS 


1 H 

1.008 


0 

I 

II 

III 

IV 


VI 

VII 

vni 

2 He 
3-99 

6.94 

4 Be 
9,1 

sB 

11.0 

6 C 
12,00 

7 N 

14.01 

80 

16.00 

9 F 

19.0 


10 Ne 
20.2 

II Na 
23.00 

12 Mg 
24.32 

13 A 1 
27.1 

14 Si 
28.3 

isP 

31.04 

16 S 
32.06 

17 Cl 
35.46 


18 A 

3Q,88 

19 K 
sg.jo 

20 Ca 
40.07 

21 Sc 
44-1 

22 Ti 
48.1 

23 V 
Si.o 

24 Cr 
52.0 

25 Mn 
54 93 

26 Fe 27 Co 28 Ni 
SS.84 58.07 58.68 


29 Cu 
63.57 

30 Zn 
65.37 

31 Ga 
69.9 

3a Ge 

72.5 

33 As 
74 96 

34 Se 
79.2 

35 Br 
79.92 


36 Kr 
82.92 

*7 Rb 
85.4s 

38 Sr 
87.63 


40 Zr 
90.6 

41 Nb 
93 . 5 

42 Mo 
96.0 

4.3 Mn 

44 Ru 45 Rb 46 Pd 
101.7 102.9 106.7 


47 Ag 
107 . 88 

48 Cd 
X12.40 

49 In 
114.3 

so Sn 
118.7 

SI Sb 
120.3 

52 Te 
/ 27.5 

S 3 J 
126. pa 


S 4 X 

130.3 

SS Cs 
132.81 

56 Ba 
137.37 

57 La 58 Ce 59 Pr 60 Nd 61; H 62 Sm 63 Eu 64 Gd 65 Tb 66 Ds 
^139.0 140.25140.6 144.3 tso.4 152 157.3 IS9.2 162.5 

67 Ho ( 
163. 5 3 

)8 Ev 60 Tu 70 Yb 71 Lu 72 Hf 
67.7 168. 5 173. S 175-0 

73 Ta 
181. 5 

74 W 
184.0 

TS Re 

76 Os 77 Ir 78 Pt 
190.9 193.1 195.2 


79 Au 
197.2 

80 Hg 
200.0 

8x T 1 
204.0 

82 Pb 
207 , 20 

83 Bi 
208.0 

84 Po 
(aio.o) 

8S- 


86 Em 
(222.0) 

87- 

88 Ra 
226.0 

89 Ac 
(227) 

90 Th 
232. IS 

UrXa 

(234) 

92 Ur 
238.2 




Elements, the atomic numbers of which are not in the order of atomic weights, are in italics. 
The numbers corresponding to missing elements are in bold-faced type. 


X Hydrogen 

2 Helium 

3 Lithium 

4 Beryllium 

5 Boron 

6 Carbon 

7 Nitrogen 

8 Oxygen 

9 Fluorine 

10 Neon 

11 Sodium 

I a Magnesium 

13 Aluminium 

14 Silicon 

15 Phosphorus 

16 Sulphur 

17 Chlorine 

18 Argon 

19 Potassium 
ao Calcium 
21 Scandium 
23 Titanium 
23 Vanadium 


24 Chromium 
as Manganese 
26 Iron 


27 Cobalt 

28 Nickel 


29 Copper 

30 Zinc 

31 Gallium 

3 a Germanium 

33 Arsenic 

34 Selenium 

35 Bromine 

36 Krypton 

37 Ruludium 

38 Strontium 

39 Yttrium 

40 Zirconium 

41 Niobium 

42 Molybdenum 

43 Mazurium 

44 Rhuthenium 
4,S Rhodium 

46 Paladium 


47 Silver 

48 Cadmium 

49 Indium 

50 Tin 

51 Antimony 
Sa Tellurium 

53 Iodine 

54 Xenon 

55 Caesium 

56 Barium 

57 Lanthanum 

58 Cerium 

9 Praseodymium 
o Neodymium 
61 Illinium 
6 a Samarium 

63 Europium 

64 Gadolinium 
6s Terbium 
60 Dyprosium 

67 Holmium 

68 Erbium 

69 Thulium 


70 Ytterbium 

71 Lutecium 

72 Hafnium 

73 Tantalum 

74 Tungsten 

75 Rhenium 

76 Osrnium 

77 Iridium 

78 Platinum 

79 Gold 

80 Mercury 

81 Thallium 

82 Lead 

83 Bismuth 

84 Polonium 


86 Niton 

87 Ekacaesium 

88 Radium 

89 Actinium 

90 Thorium 

91 Uranium X. 

92 Uranium 






APPENDIX J 

The following are the most important physical con- 
stants, the values of which it has become possible to fix,* 
within about the limits indicated, through the isolation 
and measurement of the electron. 

The electron e=(4.77o± 0.005) 

The Avogadro constant .N= (6.064 ± 0.006) X xo®*^ 

Number of gas molecules per cc. at 

0° C. 76 cm /^=(2.7 o6±o.oo3)Xio*‘' 

Boltzmann constant - 9 ^ ^ = ^ = (1.3 71 + 0. 00 i)X 10 

\N 6.064X10^3/ 

Mass of atom of unit atomic weight. .mo= (i.649± 0.0016) X 10-®'* 
Mass of an atom of hydrogen in grams .w = (i.66i8±o.ooi7)X 

Planck’s element of action h= (6.55 ± o.oi) X lo-®^ 

Wien constant of spectral radiation .... = i .43 2 ± 0.0030 

Stefan-Boltzmann constant of total 

radiation cr= (5.72X0.034) Xio-“ 

Grating spacing in calcite (i=3.o28±o.ooiA 

* See Fhys. Rev., XXXV (1930) 1231; also Raymond T. Birge, Phys, 
Rev., Supplement I, July, 1929. 
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Creation of matter, 451 

Democritus, principles of, 9 
Deutons, 3O8, 381, 3B6 
Diffraction patterns, 263, 264, 265 
Diffusion coefficients of ions, 457 
Discontinuity, of radiation, 244 » 
254 

Discovery of the neutron, 368 
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essential (dement, s of ni(‘asure- 
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Wilson’s work on, 54; method of 
obtaining, 158, 160, 162 f.; Sir 
J. J. Thomson’s work on, 49, 53; 
Townsend’s work on, 45 ff.; 
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East-west effect, 436 
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247, 250, 266; history of, 244 ff. 
Einstein’s quantum theory, 237, 
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Electricity: absolute unit of, 29, 
31; atomic theory of, 6, 10, 21, 
66; early views of, 6f.; Frank- 
lin’s theory of, 14, 20, 24; 
growth of theories of, 10 f.; ion 
of, 28; and light, 252; and mat- 
ter, 186; proof of atomic na- 
ture of, 66, 131; structure of, 3, 
4; two- fluid theory, 13 
Electrolysis, 27, 28, 43 
Electrolytic laws, 25 
Electromagnetic theory of mass, 
20, 185, 187; conflict with, 212 
Electron, 4, 26, 77, 261; basis of 
all static charges, 72; early 
values of, 27-63; energy of, 
239, 250; mass of, 27; origin 
of the word, 25; positive and 
negative equal, 82, 8$, 182, 208; 
radius of, 185 f., 188; speed of, 
191; theory of, ii, 21, 24 
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Electronic orbits of atoms, 221, 222 
Electrons: emission of, 235, 236; 
number of, in atom, 195; num- 
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in exhausted tubes, 43; for 
negative and positive ions, 43; 
Bucherer’s value of, 214 
Elliptical orbits, 279 
Emission energy of electron, 236, 

250 f.j explosive, 253; from light, 

251 

Energies released in atom building, 
314; in atom annihilation, 314 
Energy, total in cosmic rays, 309 
Epstein theory of orbit, 2x9, 220 
Ether, 16, 26; theory, 232, 235 
Ether-stress theory, 17 f.; objec- 
tions to, 248 

Ether-string theory, Thomson’s, 
236, 237, 248, 249 

Faraday constant, 120 
Faraday’s laws, 15, 19, 22, 25 
Faraday lines, 237 
Faraday-Max well theory, 17 
Field currents, 261 
Fordney-Settle flights, 426, 430, 
434 

Franklin theory, 20 

Gamma rays, 232, 252; in trans- 
mutation processes, 379 
Gaseous conduction, nature of, 32 
Gases: electrical properties of, 46; 
ionization of, 125; gases, quanti- 
tative measurements in, 147 
Geiger-Miiller counters, 335, 343 
345, 368, 379, 446 
Gem Lake (Calif.). 317 
Gram molecule, volume of in 
gases, 30, 31 

Grating: molecular, 197; crystal, 
264; spacing, 261 
Greek philosophy i, 2, 9 f.. 232 

h, value of, 117, 212, 213, 242 
24s, 261 

High-altitude latitude effects. 417 
Hipp chronoscope, 74 


*‘Hot spark,” vacuum spectrome- 
ter, 282 

Inner quantum number, 282 
Interconvertibility of mass and 
energy, 446 

Interpenetration ideas, 279 
Ion, 28, 29; diffusion coefficient of, 
36; gaseous and electrolytic 
34; isolation of, 67; mobility of, 
35j 262; positive and 

negative, 38, 48; univalent, in 
electrolysis, 34, 39 
Ionic charge, 29, 39, 45, 47, 176; 

elementary, 76; mobility, 264 
Ionization: by a-rays, 139 L, 144; 
by j(3-rays, 138, 144; by ether 
waves, 134, 144; gaseous and 
electrolytic, 39; mechanism of 
gaseous, 125; oil-drop experi- 
ments in, 127, 141; by X-rays 
and radium rays, 125, 134 
Irregular doublet law, 280 

Kinetic energy : of atom, 194, 273; 
of light, 239; of translation of 
molecule, 261 

Kinetic theory, 8, 31, 49, 157; oi 
gases, 14s, 268 

Klein-Nishina formula, 398, 401, 
402 

L-Doubiet, 275 

Lake Maguilla, 409 

Lake Titicaca, 409 

Latitude effect in cosmic rays, 407 

Lauritsen million-volt tube, 364 

Lenard’s trigger theory, 251 

Light-quants, 244, 256 

Lima. Peru, 414, 441 

Lithium spectrum, 276 

Longitude effect. 436 

Magnetic quantum number, 295 
March Field, 417, 428 
Mass, electrical theory of, 185, 
188; of hydrogen atom, 482; 
variation of with speed, 188 
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Mass of charge on sphere of radius, 
a, 467 

Mass of electrical charge, 467 
Matson line, 439 
Maxwell-Boltzmann law, 81 
Maxwell distribution law, 151, 
275 f.; theory, 24 

Mean free path of a gas molecule, 
8, 183, 470 

Mean free path of a negative elec- 
tron, 191 

Measurements, exact, 58, 65 
Melbourne, 440, 441 
Mobilities of ions, 457 
Molecular cross-section, 470 
Molecule: diameter of, 215; of 
gas, 261; kinetic energy of 
agitation of, 80, 81, 194 
“Monterey,” the, 439 
Moseley’s discovery, 196, 203; 

atomic numbers, 198, 200, 203; 
atomic weights, 202; X-ray 
frequencies equal, 246 
Moseley’s law, 204 f.; in optics, 
284; inexactness of, 216 
Mount Whitney, 307 
Muir Lake, 307, 316 

Ne, value of, in electrolysis, 31; 
in gases 35, 262 

Ne, discrepancies, 168 IT.; in gases, 
34, 1 25, 166 f.; value of, for 
electrolysis, 30, 3 1 ; value of, for 
negative and positive ions, 125 
Nehcr electroscope, 412 
Neutron, the, chap, xv 
Norman Bridge Laljoratory, 4 
Nuclear electronic encounters, ef- 
fects of, 420 

Nucleus: of atom, 193; charge on, 
195; number of electrons in, 
207, 472, 470 

Panama, 414 
pipi orbits, 282 
Peltier effects, 20 


Penetrating properties of cosmic 
rays, 436 

Perrin’s value of iV, 1 70 
Peru, 417 

Photo-electric effect, 236, 244, 246, 

255 

Photon sprays, 421 
Photons, 260 

Physical constants, table of, 482 
Pikes Peak, 431 

Planck’s /f, 117, 212, 213, 242, 245, 
261 

Pointing vector, 266 
Positive and negative electrical 
charges, ii, 12 
Positrons due to 7-rays, 335 
Positrons, chap, xiv 
Potential barrier, 262, 365 
‘‘President Garfield,” the, 439 
Protons, 206, 320, 375 ff. 

Quantitative measurements in 
gases, 147 

Quantization rules, 272 
Quantization, spacial, 295 
Quantum theory of radiation, 
Einstein’s, 237 f.; Planck’s, 253 

Radiant energy, 242, 245; nature 
of, 232 

Radiation, black-body, 237; dis- 
continuous, 244; quantum the- 
ory of, 237, 253; theories of, 232; 
Thomson’s ether-string theory, 
236, 237 

Radio quantum number, 272 
Radium, conductivity in air due 
to, 33; as ionizing agent, 53, 57, 
79; mechanism of ionization l;>y, 
12$; structure of atom of, 230 
Regular doublet law, 280 
Relativity formula, 275 
Relativistic fine structure, 271 
Resistance to motion independent, 
of charge, 86 

Rutherford’s method, 277 
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Rydberg constant, 210, 477; value 
of, 477 ; Bohr’s derivation of, 477 
Ryerson Laboratory, 4, 37, 93, 94, 
95, ISO, 178, 209, 239 

Singapore, 439 
Spectropic rules, 293 
Spinning electron, 270 
Spokane, 417 
Special relativity, 273 
Spectroscopies, new, 293 
Stark effect, 219 
Statistical behavior, 268 
Stefan-Boltzmann constant 117, 
261 

Stokes’s law, 48, 49, 52, 55, 63, 66, 
167; correction of, 98 f., loi, 
1 13, 162; failure of, 90 ff., 93, 
98, .163; limits of validity of, 
93 ff- 

Stratisphere flights, 424, 426, 430, 
434 

Sub-electron, 161 f., 166, 175, 181 
Sydney, Australia, 440 

Thomson-Einstein hypothesis, 253 
Three-electron system, 286 
Transmutation of the elements, 
chap. XV 

Two-electron system, flag of, 286 


Uncertainty principle, 300 

Valency in gaseous ionization, 
127 f. 

“Valero III,” 436, 437 
Velocity of agitation of molecules, 
8 ; of emission of electrons, under 
monochromatic light, 245 

Velocity of drop, 86, loi 
Vienna Academy, 153, 175 
Viscosity of air, 93 

Wave-length, electron waves, 261 
Wave theory, 233, 234 
Wien constant Ca, 117, 261 
Wilson-Sommerfeld rules, 271 

X-rays, 23, 33, 39, 40, 46, 50, 57, 
192, 204, 235; absorption of, 
199; Duane’s method, 214; fre- 
quencies, 202, 246; ionizing 

agent, 79, 126, 134; K and JL 
series, 204; and light, 248; 
mechanism of ionization by, 
125; monochromatic, 246; pho- 
tographs of spectra, Fig. 21; 
spectra, 196, 200; spectrometer, 
197; wave-lengths of metals, 197 

X-ray doublets, regular, 281; ir- 
regular, 281; separation of, 275 
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